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it  is,  therefore,  concluded  that  N20  production  in  the  ocean  is  associated 
with  the  oxidative  regeneration  of  nitrate.  In  both  the  Atlantic  and  Pacific 
Oceans,  the  difference  between  the  measured  NiO  concentration  and  its 
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equilibrium  solubility  is  linearly  correlated  with  apparent  oxygen  utiliza¬ 
tion  and  from  this  relationship  and  the  Redfield  plankton  decomposition 
model  it  is  estimated  that  NiO-nitrogen  comprises  about  0.1  to  0.4%  of  the 
nitrogen  regenerated  in  the  ocean.  From  the  ratio  of  N2O  to  nitrate  produc¬ 
tion  during  nitrate  regeneration  and  estimates  of  the  overall  regeneration 
of  nitrate  in  the  ocean,  it  is  concluded  that  the  total  marine  production 
of  NoO  is  in  the  range  of  4  to  10  Tg-N  yr”M6  to  16  Tg-^O  yr-*)  .  This 
estimate  is  in  good  agreement  with  estimates  of  the  NjO  loss  to  the  atmos¬ 
phere  derived  from  N2O  measurements  at  the  sea  surface. 
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The  rates  at  which  concentrations  of  oxygen  and  carbon  dioxide  in  Stuart  Channel 
changed  due  to  biological  production  and  to  exchange  with  the  atmosphere  were 
determined  from  measurements  of  the  simultaneous  changes  in  oxygen,  pH,  and  ti¬ 
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Acoustical  estimates  of  zooplankton  abundance  can  be  made  rigorously  if 
the  scattering  behavior  as  a  function  of  size  and  frequency  for  the  zoopiankters 
is  known.  Measurements  of  scattering  at  a  single  frequency  can  be  used  to 
estimate  abundance  if  the  mean  zooplankter  size  is  known.  Measurements  at  two 
frequencies  can  be  used  to  estimate  the  dominant  size  as  well  as  abundance  if 
a  single  size  zooplankter  dominates  the  acoustical  scattering.  Measurements 
at  several  frequencies  can  be  >ed  to  e"  .mate  size  distributions  and  (cont.) 
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Mid-ocean  (35°N  155°W)  observations  of  the  various  components  of  radiative 
flax  were  made  from  the  R/P  FLIP  during  the  period  2  through  13  February  1974. 
Cloud  cover  ranged  from  clear  skies  to  overcast,  and  water  vapour  pressure 
varied  between  9  and  18  mb,  with  sea  surface  temperature  near  15.0  C. 

The  net  longwave  radiative  fluxes  reported  here  were  obtained:  (1)  by  taking 
the  difference  between  simultaneous  measurements  of  net  all-wave  and  net  solar 
fluxes;  and  (2)  by  direct  measurements  with  a  net  longwave  radiometer 
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excluded,  the  difference  between  night-time  15-minute  averages  by  the  two  methods 
j.3  generally  less  than  lmWcm-^.  During  day-time,  indirect  measurements  are  | 

often  larger  than  direct  by  about  5mWcm"^;  from  internal  evidence  we  prefer  J 

the  direct  values.  | 

The  albedo  of  the  sea  surface  was  calculated  from  simultaneous  measurements  | 
of  downward  and  upward  solar  fluxes .  The  observations  were  analysed  to  ; 

represent  albedo  as  a  function  of  solar  altitude  and  atmospheric  transmittance,  j 
following  the  work  of  R.  E.  Payne;  our  results  suggest  that  Payne's  smoothed  j 

representation  is  suitable  for  use  over  the  open  ocean.  Albedo  was  observed  j 

to  decrease  with  increasing  wind  speed  for  clear  skies  with  solar  altitude  j 

between  15  and  30  degrees  but  no  variation  was  discernible  at  higher  solar 
altitudes. 

Empirical  formulae  for  calculating  both  shortwave  and  net  longwave  components 
of  the  radiative  flux  were  compared  with  measurements.  A  formula  due  to  F.  E.  | 
Lumb  for  determining  the  incident  solar  flux  given  solar  altitude,  cloud  amount 
and  cloud  type,  consistently  yields  good  agreement  with  the  measurements, 
within  about  1  mWcm-2.  Daily  averages  of  net  longwave  flux  calculated  from 
several  empirical  formulae  using  a  linear  correction  for  clouds  are  within 
2mWcm"2  0f  the  observations  rt  -orted  in  this  paper.  Since  daily  radiation  j 

balance  values  were  measured  only  5  mWcm”2,  the  limimtions  of  the  best  j 

current  empirical  formulae  are  evident.  j 
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20.  AOSTRACT  (Canon 
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Microbial  decomposition  of  organic  matter  in  recent  sediments  of  the 
Landsort  Deep  -  an  anoxic  basin  of  the  central  Baltic  Sea  -  resulted  in  the 
formation  of  a  characteristic  assemblage  of  authigenic  mineral  precipitates 
of  carbonates,  sulfides,  phosphates,  and  amorphous  silica.  The  dominant 
crystalline  phases  are  a  mixed  Mn-carbonate  [ (Mno «8SCa0 • 10M9o • 0  5^ C03J •  Mn_ 
sulfide  [Mns]  and  Fe-carbonate  [FeC03].  Amorphous  Fe-sulfide  [FeSj,  Mn- 
phosphate  [Mn3(P04)2  j  and  a  mixed  Fe-Ca-phosphate  [ (Ee0> 86Ca0> 14) 3 (P04) 2J 
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were  identified  by  their  chemical  compositions  only.  The  variability  in  compo¬ 
sition  of  these  solid  phases  and  their  mode  of  occurrence  as  a  co-existing 
assemblage  constrains  the  conditions  and  solution  composition  from  which  they 
precipitated.  Estimates  of  activities  for  dissolved  Fe,  Mn,  P04,  CO3  and  S 
in  equilibrium  with  such  an  assemblage  are  close  to  those  found  in  recent 
anoxic  interstitial  water-sediment  systems.  It  is  important  to  have  detailed 
knowledge  of  the  composition  and  stability  conditions  of  these  solid  precipi¬ 
tates  in  order  to  refine  stoichiometric  models  of  interstitial  nutrient  re¬ 
generation  in  anoxic  sediments. 
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Reprinted  from  Marine  Biology  51,  p.  1-8,  1979. 
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Stenobrachius  leucopsarus ,  the  most  abundant  species  of  myctophid  fishes 
off  Oregon,  USA,  has  a  bimodal  distribution  at  night,  with  a  peak  of  abundance 
in  the  upper  100  m  composed  of  dial  vertical  migrants,  and  another  peak  at  300 
to  500  m  composed  of  fish  that  did  not  migrate  the  night  they  were  caught. 

We  compared  the  feeding  habits  of  these  two  groups  of  fish  in  an  attempt  to 
learn  if  deep  fish  migrated  to  surface  waters,  Low  similarity  of  diets, 
differences  in  the  rank  order  of  common  prey,  and  similar  states  of  stomach 
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fullness  and  digestion  of  prey  suggest  that  fish  captured  in  deep  water  at  night i 
probably  did  not  feed  exclusively  in  shallow  water  on  previous  nights.  They  j 

probably  fed  in  deep  water.  The  similarity  in  food  habits  between  deep  and  j 

shallow  fish  is  most  readily  explained  by  daytime  feeding  by  fish  in  deep 
water  and  by  broad  vertical  distributions  of  prey.  j 
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Reprinted  from  Journal  of  Physical  Oceanography  9  C5) :  pgs.  869-884,  1979. 
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20.  ABSTRACT  (Continue  on  revere*  sltlm  It  n««M»«ry  end  JtltnlHf  tr  A<a«fc  rwmbmt) 

Mid-ocean  observations  (35 °N,  155 °W>  of  temperature  and  salinity  were 
made  from  R/P  FLIP  during  the  period  28  January-14  February  1974  as  part  of 
the  NORPAX  POLE  Experiment. 

Autocorrelations  for  the  time  series  of  depth  of  several  surfaces  confirm 
the  presence  of  a  semi-diurnal  internal  tide  whose  amplitude  is  about  10  m. 

The  period  of  12.7  h  determined  from  the  autocorrelation  analysis  is  not 
statistically  significantly  different  from  the  period  of  the  M2  semidiurnal 
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tide  (12.4  h) .  The  coherence  between  pairs  of  time  series  of  the  depth  of  the 
ot  surfaces  is  high,  ranging  from  0.97  to  0.91  at  the  frequency  of  the  peak 
in  the  spectrum  corresponding  to  the  semi-diurnal  tide.  The  coherence  between 
a  given  at  surface  and  deeper  lying  surfaces  decreases  slowly  with  the  mean 
separation  between  surfaces.  The  vertical  coherence  scale  suggests  that  most 
of  the  energy  of  the  semi-diurnal  internal  tide  is  in  the  low-order  modes. 

The  data  show  that  the  phase  difference  between  surfaces  increases  with  the 
mean  separation  between  surfaces  at  the  approximate  rate  of  +35  0  (100  m)~l. 
Estimates  of  the  vertical  and  horizontal  wavelengths  of  the  observed  semi¬ 
diurnal  internal  tide  are  1  km  and  35  km,  respectively. 

One-dimensional  mixed-layer  deepening  models  fail  to  predict  the  mixed-layer 
depths  and  temperatures  observed  during  POLE.  Horizontal  advection,  as 
evidenced  from  the  salinity  maximum  frequently  occurring  at  the  bottom  of  the 
mixed  layer  and  other  near-surface  changes  in  salinity  and  temperature  not 
associated  with  local  surface  forcing,  are  responsible  for  the  failure. 

During  the  one  period  in  which  the  one-dimensional  models  may  be  applicable 
a  value  of  the  mixing  energy  flux  coefficient  m  =  0.0017  was  obtained. 
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’3  SU^LEmEn TAflY  NOTES 

Reprinted  from  the  Journal  of  the  Oceanographic  Society  of  Japan  35  (3-4) 
pgs.  127-135,  1979. 
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20  AOSTAACT  (Contln 
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Fourteen  midwater  trawl  collections  to  depths  of  450  m  to  1.400  m  were 
taken  at  eleven  stations  in  the  Bering  Sea  and  adjoining  regions  of  the 
northern  North  Pacific  by  the  R/V  HAKUHO  MARU  during  the  summer  of  1975.  A 
total  of  29  kinds  of  fishes  were  identified.  Mesopelagic  fishes  of  the 
families  Myctophidae,  Gonostomatidae  and  Bathylagidae  predominated  in  the 
catches,  contributing  14  species  (94%)  of  the  fishes  caught. 

Seventeen  species  of  fishes  were  caught  in  the  Bering  Sea,  and  all  of 
these  are  known  from  nearby  areas .  The  mesopelagic  fish  fauna  of  the  ...  (cont. 
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Bering  Sea  is  similar  to  that  in  adjoining  regions  of  the  northern  North  Pacific] 
Ocean:  endemic  species  are  rare  or  absent.  ; 

Stenobrachius  nannochir  was  usually  the  most  common  mesopelagic  fish  in  our 
catches.  Stenobrachius  leucopsarus  is  a  diel  vertical  migrant  that  is  usually  j 
the  dominant  mesopelagic  fish  in  modified  Subarctic  waters  of  the  northeastern 
Pacific.  The  change  in  dominance  from  £.  nannochir  in  the  western  Bering  Sea 
to  s^.  leucopsarus  in  the  eastern  Bering  Sea  is  related  to  differences  in  ; 

oceanographic  conditions.  | 
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Midwater  and  bottom  trawls  were  used  at  two  stations  (120  and  180  m  depth) 
in  Balsf jorden  during  the  summer  of  1978  to  study  the  feeding  of  fishes  on 
euphausiids,  one  of  the  major  causes  of  120  kHz  sound  scattering.  The 
principal  food  of  cod  consisted  of  capelin  (Mai lotus  villosus)  ,  euphausiids 
(Thysanoessa  raschii,  T.  inermis ,  and  Meganyctiphanes  norvegica) ,  and 
shrimp  (Pandalus  borealis) . 

At  the  120  m  station,  herring  and  small  cod  fed  mainly  on  euphausiids. 
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Because  of  diei  vertical  migrations,  euphausiids  are  presumably  close  to  the 
bottom  during  the  day  at  this  depth,  and  hence  very  susceptible  to  predation 
by  both  pelagic  and  benthic  fishes.  During  the  darkest  period  of  the  24-hr 
day  cod  caught  in  midwater  (50-70  m  depth)  had  appreciable  quantities  of 
fresh  euphausiids  in  their  stomachs. 

At  the  180  m  station  euphausiids  were  relatively  unimportant  in  the  food  o 
cod  caught  in  bottom  trawls  but  were  numerous  in  cod  caught  in  midwater  trawl 
at  depths  of  the  120  kHz  sound  scattering  layer.  The  scattering  layer  did 
not  impinge  on  the  bottom  at  this  station.  It  migrated  from  depths  of  about 
150  m  by  day  into  the  upper  100  m  at  night;  both  capelin  and  cod  were  associ¬ 
ated  with  the  layer.  Although  copepods  were  the  most  numerous  type  of  prey 
in  capelin  stomachs  from  the  180  m  station,  euphausiids  predominated 
volumetrically . 
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Diatom  floral  analysis  of  116  sediment  surface  samples  obtained  off  Peru 
reveals  a  boundary  in  the  sediments  between  coastal  upwelling  influenced 
sediments  and  sediments  outside  the  highly  productive  realm.  Sinuous 
patterns  of  relative  abundance  for  meroplanktic  species  (Actinocyclus 
octonarius ,  Actinoptychus  senarius ,  and  Cyclotella  striata/stylorum)  may 
preserve  the  meander-like  patterns  of  surface  water  parameters  off  Peru. 

The  occurrence  of  loci  of  high  abundance  of  diatom  valves  per  gram  of  dry 
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Distributional  patterns  of  optical  and  particulate  properties  at  oceanic 
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front  in  the  eastern  equatorial  Pacific.  It  is  shown  that  the  optical  and 
particulate  matter  distributions  at  oceanic  fronts  are  the  result  of  three 
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sediments  [(2  to  6  m  (1000  y)"^]  of  the  Central  Pacific,  0.1  to  2%  in 
moderately  rapidly  accumulating  [2  to  13  cm  (1000  y)“^-]  hemipelagic 
sediments  off  northwest  Africa,  northwest  America  (Oregon)  and  southeast 
America  (Argentina) ,  and  11  to  18%  in  rapidly  accumulating  [66  to  140  cm 
(1000  y)-^]  hemipelagic  sediments  off  southwest  America  (Peru)  and  in 
the  Baltic  Sea. 

The  empirical  expression: 


%  Org-C 


0.0030  •  R  •  S0'30 

P  (1-0) 
s 


implies  that  the  sedimentary  organic  carbon  content  (%  Org-C)  doubles  with 
each  10-fold  increase  in  sedimentation  rate  (S)  ,  assuming  that  other 
factors  remain  constant;  i.e.,  primary  production  (R) ,  porosity  (0)  and 
sediment  density  (Ps) .  This  expression  also  predicts  the  sedimentary 
organic  carbon  content  from  the  primary  production  rate,  sedimentation  rate 
dry  density  of  solids,  and  their  porosity;  it  may  be  used  to  estimate 
paleoproductivity  as  well.  Applying  this  relationship  to  a  sediment -core 
from  the  continental  rise  off  northwest  Africa  (Spanish  Sahara)  suggests 
that  productivity  there  during  interglacial  oxygen  isotope  stages  1  and  5 
was  about  the  same  as  today  but  was  higher  by  a  factor  of  2  to  3  during 
glacial  stages  2 ,  3 ,  and  6 . 
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Irradiance  and  Beam  Transmittance  Measurements  off  the 
West  Coast  of  the  Americas 

Richard  w  Spinrad.  J.  Ronald  v.  Zaneveld.  and  Hasonc  Pak 

School  of  Oceanography  O'tfon  State  L  nivenitv  Corvallis.  Oregon  i~JJI 

Measurements  of  total  irradiance  versus  depth  md  seam  transmission  .ersus  depth  *ere  made  it 
muons  near  shore  along  the  west  coast  of  the  North  and  South  American  continents.  The  water  •Apes  at 
each  station  were  optically  classified  according  to  the  system  oi  Jerlov  .  i976i.  thus  providing  additional 
information  for  the  description  of  tne  distribution  ot  tne  world  s  ocean  water  types  In  addition,  tne 
parameter  h/c  where  A  is  the  irradiance  attenuation  coeificient  ind  c  is  ine  peam  attenuation  coefficient, 
has  been  shown  to  pe  1  aseful  parameter  for  determining  the  relative  particle  concentrations  01  ocean 
water. 


Introduction 

Optical  classification  of  ocean  water  is  an  important  means 
of  distinguishing  water  types.  Jerlov  ( 195 1  ]  presented  a 
method  of  classification  according  to  spectra/  transmittance  of 
downward  irradiance  at  high  solar  aituude.  Downward  irra¬ 
diance  is  defined  as  the  radiant  fiux  on  an  infinitesimal  element 
of  the  upoer  face  (0°-!80a)  of  a  horizontal  surface  containing 
the  point  being  considered,  divided  oy  the  area  of  that  element 
[Jerlov,  1976).  Jerlovs  [1951)  classification  defined  three  dif¬ 
ferent  oceanic  water  types  and  five  coastal  water  types,  out 
further  experimentation  f Jerlov .  I96-L  A  as.  1967.  1 969:  .War- 
suike.  1967,  1973;  Matsutke  and  Sasaki.  i  968:  H  Piers  lev.  1973. 
1974<i,  b:  Matsuike  and  Kishino.  1973;  Shimura  and  Ichimura. 
1973;  Morel  and  Caioumenos.  1974;  Rutkovskava  and  Khaiems- 
kiv,  1974]  has  shown  that  the  world's  ocean  waters  may  better 
be  classified  by  10  different  curves  of  irradiance  transmittance 
versus  depth  (Figure  1  shows  the  approximate  curves  of  irra¬ 
diance  versus  depth  for  each  of  the  water  types  from  Jerlov 
[1976]).  Unfortunately,  measurements  of  irradiance  pene¬ 
tration  are  lacking  in  many  areas  of  the  world. 

In  this  experiment,  irradiance  penetration  measurements 
were  made  in  conjunction  with  measurements  of  the  water 
transmissivity.  These  measurements  yield  a  parameter  which, 
when  used  with  the  irradiance  attenuation  coefficient,  can 
define  water  types  even  more  clearly  than  the  irradiance  atten¬ 
uation  coefficient  alone.  The  more  parameters  used  to  identify 
water  types,  the  more  accurately  the  water  type  can  be  de¬ 
scribed.  It  is  shown  in  this  paper  that  the  method  of  water  type 
identification  by  irradiance  penetration  measurements  alone 
may  yield  untrue  conclusions  about  the  similarities  in  particle 
content  or  yellow  matter  content  of  the  two  water  masses. 
That  is,  two  water  masses  may  have  nearly  identical  values  of 
an  irradiance  attenuation  coefficient  (thereby  classifying  them 
as  the  same  water  type,  optically,  according  to  Jerlov  (1976)) 
but  may  in  fact  have  very  different  profiles  of  light  transmis¬ 
sion  versus  depth.  An  explanation  for  this  discrepancy  is  pre¬ 
sented. 

Experimental  Procedure  and  Results 

Measurements  with  the  irradiance  meter  and  transmissivity 
meter  were  taken  once  a  day  at  1200  hours  local  time  approxi¬ 
mately  250  miles  apart  from  Newport.  Oregon,  to  Chimbote, 
Peru  (Figure  2).  Observations  were  made  to  depths  of  approxi- 
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American  Geophysical  Union. 

Paper  number  3C0944  355 


mately  '5  m.  At  two  stations  18  and  9).  equipment  malfunc¬ 
tions  prevented  measurements  from  being  taken. 

The  irradiance  meter  used  had  a  fat  opai  g:ass  aufuscr  as  a 
cosine  collector  and  contained  a  signal  log  amplifier  to  provioe 
an  output  signal  between  =4  V  dc.  The  spectrai  resDor.se  of  :he 
irradiance  meter  is  shown  in  Figure  3.  The  transmissivity 
meter  consisted  essentially  of  a  iignt-cmitting  dioae  'wave- 
iengtrt  »  650  nmi.  collimating  tenses,  ana  a  pnoiodioae.  The 
optical  path  length  of  the  meter  was  0.25  m. 

The  irradiance  meter  indicated  values  of  the  ‘oearunm  of 
:he  irradiance  versus  depth.  From  this  nformauon  :ne  vaiue 
of  the  irradiance  attenuation  coefficient  <  couid  oe  calculated 
as  follows  [ Jerlov .  19'6] 

d (log  £)  4 flog  £") 

v  5=  - V - 

d;  4c 

where  E  is  the  measured  irradiance  and  r  is  the  depth  beiow 
the  ocean  surface.  Variations  in  solar  elevation  due  to  changes 
in  latitude  were  considered  in  the  calculation  of  k 
The  transmissivity  meter  indicated  the  ratio  of  the  radiant 
flux  transmitted  through  0.25  m  of  seawater  to  the  incioent 
radiant  flux.  The  total  attenuation  coefficient  c  can  oe  ootained 
from  the  measured  transmissivity  as  follows  [Jerlov,  ;9"6] 

r  - 

where  T  is  the  percent  transmission,  c  is  the  total  attenuation 
coefficient,  and  r  is  the  geometrical  path  length  of  the  meter. 
In  this  experiment,  r  »  0.25  m;  therefore 
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Fig.  2.  Map  showing  locations  and  dates  of  stations  taken.  The  water  types  are  snown  in  parentheses. 


T  » 
or 

c  »  -4  In  T 

The  high  degree  of  accuracy  obtained  from  the  c  meter  is 
attributed  to  the  precise  collimauon  of  the  main  beam  and  the 
small  solid  angle  of  detection  (see  Bam  ei  aJ.,  1978). 

In  Table  t  the  measured  values  of  k.  T,  and  c  and  the 
quantity  k/c  are  shown  for  each  of  the  stations.  Variations  in 

•25r— 


wavelength  'mi 

Fig.  3  Spectral  response  of  the  trradiance  meter. 


transmissivity  with  depth  indicated  that  for  a  given  decrease  in 
transmission  (corresponding  to  an  increase  in  c)  the  irradiance 
attenuation  coefficient  k  increased  proportionally  Therefore, 
neglecting  slight  variations  (less  than  5%  i.  the  values  of  k.  c 
were  quite  constant  with  depth  below  the  3  or  4  m  of  surface 


TABLE  I.  Irradiance  and  Transmissivity  Results  From  All  Stations 


Station 

k.  m" 

Percent 

Transmission 

c. 

k/c 

1 

0.063 

31  0 

0  843 

7  5  x  10-' 

0.021 

32.0 

0/94 

2.64  x  10-' 

3 

0.031 

38.5 

0.489 

6.37  x  10-' 

4 

0  055 

35.5 

0.627 

3.'3  x  !0-' 

5 

0.02: 

32.9 

0  ’50 

2.98  x  to-" 

5 

0  029 

35  5 

0  628 

4  66  x  :0-' 

7 

0  032 

33  0 

0  ’45 

4  34  x  !0~* 

iO 

0.053 

32.5 

0  "0 

8  39  *  10-' 

1 1 

0039 

32.5 

0  "0 

5.07  x  10-' 

c 

0.013 

34  0 

0.697 

I  32  x  |0-: 

13 

0  024 

32.0 

0  '94 

3  02  <  I0-J 

14 

0  029 

57  3 

2.23 

i  32  x  10* 1 

\  5 

0.023 

21.0 

8  24 

3.3"  x  10-' 

16 

0.068 

50  3 

:.*:3 

2.52  x  i0*‘ 

1’ 

0  023 

82.0 

;  9i 

1.2!  x  (0-‘ 

13 

0,034 

33  5 

0  '21 

4  *3  x  :  0  -  * 

14 

0.027 

51  3 

2.93 

1  02  «  .0-' 

30 

3.043 

"  3 

'  03 

J  19  x  .0-' 

*  l 

0  052 

"I  3 

:  35 

3.33  x  .0*' 
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T  ABLE  2.  Classification  of  Water  Tvpes  ov  Irradiance  Attenuation 
Coefficient  k 


Water  Type 

Jtrtov  t$?6] 

m 

Stations  of 

This  Water  Type 

I 

).0I6 

^  ^ 

ij 

0  025 

5.  .3  1 5  l'.  '4 

la 

0  030 

3  6.  14 

II 

0  035 

' .  20.  t3 

III 

0.055 

4.  ,0.  21 

0.063 

<.  16 

3 

0.095 

$ 

0  154 

** 

0.223 

3 

0  232 

water.  Table  2  shows  the  vaiues  of  '<  used  to  define  water  types 
opticalfy  [Jeriov.  !9'’6].  This  table  also  shows  the  classification 
of  the  water  types  from  this  experiment  as  identified  solely  oy 
the  irradiance  attenuation  coefficient  ’<. 

In  Figure  A  the  values  of  k  for  each  station  have  been  plotted 
against  the  values  of  c  for  the  same  station.  Constant  values  of 
<  c  are  shown  in  the  figure,  and  the  values  of  '<  for  various 
water  types  are  snown  along  the  abscissa. 


iRRACIANCE  ATTENUATION  COEFFICIENT 
A  (  x  IC'J  m"  ! 

F;g.  a  Irradiance  attenuation  coefficient  and  seam  ltienuation 
coefficient  measured  at  aacn  station.  Numoers  corresoond  ;o  station 

numoers. 


^Si-AT've  PPiCiANCE  Mormcn-eo  '0  m*,  at  sur'ace 


Fig.  5  Irradiance  oroliles  with  depth  at  stations  6  ana  ,» 


Observations  and  Conclusions 

As  Table  1  shows,  a  given  water  column  may  have  a  similar 
or  identical  value  of  k  as  another  water  column,  but  the  vaiue 
of  c  may  be  quite  ditferent.  This  is  aiso  seen  in  Figures  5  and  6. 
which  show  typical  profiles  of  irradiance  and  transmissmtv  at 
stations  6  and  ;4  An  important  factor  to  consider  is  that  c.  m 
this  experiment,  was  measured  at  a  single  waveiength  of  Iignt 
( 650  nm).  whereas  <  was  measured  for  the  range  of  wave¬ 
lengths  from  approximately  U00  nm  to  !000  nm.  The  fact  that 
the  value  of  c  at  6:0  nm  may  oe  deferent  for  two  water 
columns  having  identical  values  of  <  is  an  ndication  that  the 
types  of  material  in  the  two  samples  may  differ  significantly 
The  existence  of  yellow  matter  >n  the  seawater  couid  not  oe 
detected  by  the  transmissivity  meter  alone,  since  the  aosorts- 
tion  of  light  by  veilow  matter  is  negligible  for  iignt  of  wave¬ 
length  650  nm  [Jeriov.  1976],  However,  particulate  iight  atten¬ 
uation  at  that  wavelength  is  quite  significant  [Burt.  1953],  A; 
the  shorter  wavelengths  of  light,  both  particulate  -natter  ana 
yellow  substance  contribute  significantly  to  light  attenuation. 

The  parameter  k  -  c  is  a  useful  indication  of  relative  amounts 
of  particulate  matter  ind  yellow  suostance  .n  seawater  The 
higher  the  value  of  k  c  is.  the  more  yellow  matter  or  the  .ess 
particulate  content  there  is  m  the  sample.  The  vaiue  of  <  tor 
wavelengths  of  aOO-IOOO  nm  may  oe  the  same  for  a  particte- 
laden  sample  as  for  a  sample  of  water  containing  much  veilow 
matter.  The  two  samples  would  be  quite  different  in  nature  and 
so  should  be  classified  as  such.  The  use  of  a  transmissivity 
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m«ter  in  conjunction  with  an  irradiance  meter  allows  such  a 
classification.  For  example,  stations  1.  3.  4.  and  10  all  have 
high  values  of  'me.  The  hypothesis  that  this  represents  large 
amounts  of  yellow  matter  may  oe  justified  by  the  fact  that  each 
of  these  stations  is  near  a  iarge  river  or  city  i  possible  sources  of 
yellow  matter).  Station  !  >s  near  the  mouth  of  the  Coiumoia 
River:  station  3  s  near  the  mouths  of  the  Sacramento  ana 
American  rivers  at  San  Francisco;  station  4  ,s  orfshore  of  Los 
Angeles,  and  station  10  is  near  the  mouth  of  the  Rio  Balsas, 
one  of  the  largest  nvers  on  the  west  coast  of  Mexico  Con¬ 
versely.  the  stations  with  the  lowest  values  of  k;c  are  :n  the 
region  of  the  Gulf  of  Panama,  an  area  which  contains  very  ew 
rivers  and  which  may  act  as  a  depository  for  particulate  matter 
oemg  transported  by  the  Equatorial  Countercurrent. 

The  results  of  this  experiment,  as  snown  in  Figure  4.  indicate 
the  use  of  the  parameters  k.  and  c  as  water  type  .dentiriers. 
Unfortunately,  these  were  the  only  oceanograohic  measure¬ 
ments  taken  at  these  stations,  so  correlations  between  :ne 
values  of  k/c  and  other  hydrographic,  chemical,  or  biological 
measurements  are  unobtainable.  It  would  appear,  however, 
that  the  values  of  k  and  k/c  together  proviae  useful  parameters 
for  water  type  identification  The  measurement  of  <  aione 
gives  an  indication  of  soiar  energy  penetration  into  tne  sea:  a 
measurement  useful  for  mixed  layer  studies  ana  oiologicai 
analysis.  The  measurement  of  k,  c  indicates  the  type  of  mate¬ 
rial  suspended  or  dissolved  n  tne  water 

The  implications  of  tms  experiment  are  twofold.  First.  Jer- 
iovs  [1976]  chart  of  water  types  has  been  expenoed  to  include 
measurements  orf  the  west  coast  of  North.  Central,  and  South 
America.  Second,  the  use  of  the  oarameter  k.  c  together  with 
the  parameter  <  has  oeen  shown  to  oe  of  value  in  the  'dentin- 
cation  of  ocean  water  types  according  to  material  suspended 
or  dissolved  within  the  water. 
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Nitrous  Oxide  Production  in  the  Ocean 

Vlv  al  Cohen 

Environmental  Protection  Service  Ministry  jt  ne  interior  Jerusalem  !srae! 

Lolis  I.  Gordon 

Scnool  }/  Oceanofrapnv.  Oregon  Slate  Lniuersitv  Camaiits.  Oregon  -  ’  ■  j : 

Examination  of  vertical  pronles  of  N,0.  oxygen.  ano  nitrate  'rom  '.ne  Northeast  sna  Njrtnwesi 
Atlantic,  Northeast  Picric  ana  eastern  tropical  Sortn  Poc.ric  -reais  i  >t.-:xmg  consistency  n  '..ne 
•eiationsriips  among  mem  '-Viih  me  exception  of  tones  01  active  der.itrmcation.  N;0  s  nesativeiv 
correlated  with  oxygen  ana  oositivety  correlated  *>th  nitrate  mrougnoui  :ne  *iter  column  ana  :  s. 
therefore,  concluded  tnat  N.O  production  ,n  me  ocean  s  associateo  *it.n  me  oxidative  -tgeneration  01 
nitrate,  in  ootri  the  Atlantic  and  Picnic  Oceans,  me  inference  oetween  the  measured  N.O  concentration 
and  ts  equilibrium  soiuoiiity  is  mearlv  correlated  with  atoDarent  oxygen  at.uzation  and  trom  tms 
teiationstuo  and  trie  Redrieid  pianxton  decomposition  moaei  t  s  estimated  tnat  N, 0-mtrogen  comorses 
aoout  ).  1  to  0  a1^  of  the  nitrogen  regenerated  m  me  ocean.  From  me  ratio  of  N.O  to  nitrate  orodudion 
during  nitrate  regeneration  and  estimates  ot  "me  overall  -egeneration  of  nitrate  n  me  ocean,  t  s 
concluded  that  me  total  marine  production  of  N,0  is  m  the  range  of  a  to  .0  Tg-N  .r-1  p  to  o  Tg-N.O 
yr"  ).  This  estimate  is  in  good  agreement  *tth  estimates  of  me  N,0  mss  to  me  atmospnere  derived  from 
N,0  measurements  at  me  sea  surface. 


Introduction 

[merest  .«  the  sources  and  sinks  of  atmospneric  nitrous 
oxide  iN-O).  arising  from  the  realization  that  N:0  catalyzes 
ozone  reduction  in  tne  stratosonere  Cnazen.  :9'0|,  has  stimu¬ 
lated  a  lively  deoate  on  tne  roie  of  the  ocean  .n  the  giobai  N,Q 
cycle.  However,  oniy  one  ispec*.  of  tne  marine  N.O  cycie. 
namely  the  net  N-0  fiux  across  tne  ocean-atmosphere  inter¬ 
face.  .s  relevant  to  the  ozone  depietton  problem,  hence  m  this 
connection  the  ocean  has  been  treated  as  a  simple  system 
which  acts  either  as  a  net  source  [Hahn  and  /tinge,  19".  L-u  et 
al..  i 97"}  or  as  a  net  sinn  [McEiroy  et  at..  19'6]  for  atmo¬ 
spheric  NjO. 

Basically,  two  approacnes.  often  yielding  conflicting  results, 
.nave  been  used  to  calculate  the  N.O  exchange  between  the 
■ocean  and  the  atmospnere.  The  lirsi  involve.,  extrapolating  to 
global  scale  fluxes  calculated  from  the  results  of  N.O  measure¬ 
ments  it  the  sea  surface  combined  with  models  for  gas  ex¬ 
change  [Hahn.  19"’ do;  Hahn  and  Junqe.  19”;  Lias  and  Slater. 
1974],  The  second  approach  is  oased  on  the  assumption  that  as 
in  soils.  N,0  production  ;n  seawater  arises  primarily  from 
denitrification  and  that  therefore  it  can  be  evaluated  from 
estimates  of  marine  denitrification  multiplied  by  some  numeri¬ 
cal  value  for  the  N,0  yield  in  the  process  [McElrov  etat..  1977; 
Council  for  Agricultural  Science  and  Technology.  1 976}.  The 
recent  studies  of  Cohen  and  Gordon  [1973]  and  Cohen  [1973], 
however,  dearly  demonstrated  that  unlike  the  situation  com¬ 
monly  encountered  :n  soils,  denitrification  m  the  marine  envi¬ 
ronment  results  m  N/O  consumption  rather  than  production, 
and,  therefore,  the  second  approach  is  .nvalid. 

From  N,0  and  oxygen  measurements  in  the  North  Atlantic 
and  from  the  results  of  assays  in  natural  seawater  mcuoated 
with  ammonia  and  various  organic  substrates.  Yoshman 
[1973]  concluded  that  N',0  production  in  seawater  arises  pri¬ 
marily  from  nitrification.  This  conclusion  was  iacer  supported 
by  the  N,0.  oxygen  and  nutrients  data  of  Cohen  and  Goraon 
[I973]  from  the  eastern  tropical  North  Pacific.  Sremner  and 
Slackmer  [I973|  have  recently  demonstrated  the  release  of 
N,0  from  soils  during  aerobic  nitrification.  If  this  applies  to 
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tne  ocean  as  a  whoie  then  it  snouio  be  possible  to  estimate  tne 
marine  production  of  N.O  :‘rom  .nformation  on  the  recycling 
of  nitrate  wiuun  the  ocean. 

This  paoer  presents  an  examination  of  VO.  oxygen,  and 
nitrate  data  from  the  Atlantic  ana  Pacific  Oceans  in  an  attenot 
to  estaousti  trie  relationships  among  these  artaoics  ar.c  to 
estimate  the  overall  production  of  N.O  m  the  ocean. 

DaTx 

N,0  data  from  the  Northeast  Atlantic  NE.Ai  are  -bom 
Hahn  [i9"4<j.  ;9?5]  and  oxygen  data  are  from  Soetne r  a  ai 
[1974],  In  these  reports  only  graphic  presentations  of  the  water 
column  data  are  given.  Surface  VO  concentrations  n  the 
North  Atlantic  are  listed  .n  Hahn  [!9"4oi.  His  N.O  measure¬ 
ments  were  made  at  sea  by  thermal  conductivity  gas  cnroma- 
tograpny  GO  with  a  precision  of  aoout  The  accuracy  of 
these  N,0  measurements  will  pe  discussed  ater. 

N,0  and  oxygen  data  from  tne  Northwest  Atlantic  i  NW  a  . 
and  the  Caribbean  are  from  Yoshinari  [1973.  appendix],  N,0 
samoies  were  analyzed  on  shore  by  helium  .omzauon  GC 
aoout  one  month  after  collection.  The  precision  of  measure¬ 
ment  was  about  3.5^  and  the  estimated  accu.acv  about 
Since  neither  Hahn  [19"4c.  1975]  r.or  Yoshinari  [ •  9“ 3 ]  mea¬ 
sured  nitrate,  some  Geosecs  North  Atlantic  nitrate  data  Sctn- 
bridge,  i 97 5]  was  used  here. 

N.O.  oxygen  and  nitrate  data  from  the  eastern  tropical 
North  Pacific  i  ETNPi  are  from  Cohen  et  at.  [!9”:  and  Goner, 
and  Gordon  [ 1 9TS I;  N-0  data  ’’rom  tne  Northeast  Pacific 
'NEPI  is  first  reported  here  and  tne  oxygen  and  nitrate  data 
are  from  Murray  e:  ai.  [19”1.  The  N.O  measurements  were 
made  by  electron  capture  GC  [ Conen .  ,9"'  *un  a  orecis. on  of 
about  2%  and  estimated  accuracy  of  }%. 

The  soiuoiiity  coefficients  of  N-0  .n  seawater  were  calcu¬ 
lated  by  fitting  Weiss'  [!970|  equation,  wnich  txpresses  ne 
3unsen  solubility  coefficient  of  a  gas  as  a  function  of  temoer- 
ature  and  salinity,  to  the  data  of  Markham  and  Kooe  •  .941'  for 
'he  soiuoiiity  of  N.O  n  aqueous  sodium  c.oioriae  solutions. 
Junqe  et  al.  f  i 97 ’  1  estimated  that  t.ne  Bunsen  coefficients 
obtained  are  accurate  to  aoout  = I"7-  but  R.  F  vveiss  >  personal 
communication.  : 97*'  estimates  their  accuracy  to  oe  'etter 
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-.Dan  3%.  Weiss'  f  19*0]  oxygen  soluoiiity  coetficients  were  -sed 
to  calculate  oxygen  saturation. 

Results 

in  almost  ail  trie  marine  environments  *nere  VO  measure¬ 
ments  nave  aeen  mace  :ts  distribution  appears  to  oe  inversely 
correlated  witr.  that  of  dissolved  oxygen  ounge  a  si..  .9"!. 
Hahn.  I9'4<j.  i9’5;  Yoshmari.  !9'3.  19*6:  Cohen.  19*8.  :9 
Exceptions  to  this  pattern  nave  been  found  only  n  oxygen 
deficient  environments  where  oxygen-based  respiration  was 
not  the  major  biological  respiratory  mechanism  , Cohen.  t97$. 
i9"7],  As  an  illustration  of  tnese  relationships,  typical  vertical 
proriles  of  .VO.  oxygen,  and  nitrate  from  tne  North  Atlantic. 
NEP  and  ETNP  are  shown  in  Figure  1.  In  both  the  Nortn 
Atlantic  and  the  NEP  the  VO  proriles  are  essentially  mirror 
images  of  the  oxygen  pronles  with  maximal  VO  concentra¬ 
tions  in  the  oxygen  minimum.  In  the  ETNP  VO  is  .aversely 
correlated  with  oxygen  throughout  the  water  column  except 
for  the  oxygen  deficient  layer  at  ca.  1 50  to  *00  m  where 
consumption  of  VO  by  denitritication  results  in  minima  in  the 
VO  proriles  \Conen  and  Gordon.  19"$].  The  ororiles  from  the 
ETNP  shown  in  Figure  1  are  examples  of  maximal  (Station  ill 
and  minimal  i  station  91  demtrric3tion  as  rerlected  dv  the 
intensity  of  the  N,0  and  nitrate  minima. 

Among  the  environments  considered  nere.  tne  '.ower  the 
oxygen  concentration  at  the  depth  corresponding  to  the  VO 
maximum,  the  nigner  the  VO  concentration  at  tne  VO  maxi¬ 
mum  i  Taote  i ).  This  appears  co  be  the  case  aiso  wnen  VO  and 
oxygen  saturations  ratner  than  aosoiute  concentrations  are 
considered.  For  each  environment  the  VO  saturation  value  in 
Table  1  is  relative  to  the  imoiem  atmospnenc  VO  concentra¬ 
tion.  Whrie  the  different  atmospnenc  VO  concentrations 
listed  in  Table  i  most  probaoty  reflect  ootn  reai  variations  .n 
VO  and  systematic  calibration  errors  among  the  analytical 
procedures  used,  the  differences  in  the  .VO  saturation  values 
among  the  various  environments  are  considered  real  since  .n 
each  case  the  same  method  was  used  for  the  N,0  measure¬ 
ments  in  air  and  water. 

From  the  foregoing,  it  appears  that  VO  concentrations  lor 
saturations)  progressively  increase  with  decreasing  oxygen 
concentrations  i.or  saturations)  throughout  tne  Northern 
Hemispnere.  This  is  reminiscent  of  the  relationsnips  between 
oxygen  3nd  the  nutrient  elements  which  are  regenerated  at  the 
expense  of  oxygen,  and  as  shown  in  Figure  i.  the  vertical 
distribution  of  VO  closely  resembles  that  of  nitrate  except  in 
the  uppermost  nitrate-depleted  part  of  the  water  column. 

The  V O-oxygen  relationships  differ  in  the  NWA.  NEP.  and 
ETNP  above  and  below  the  oxygen  minimum.  This  is  illus¬ 
trated  for  selected  representative  stations  m  Figure  2.  For  a 
given  oxygen  concentration  VO  levels  in  the  NWa  are  higher 
below  the  oxygen  minimum  than  above  it  while  the  reverse  is 
true  for  the  NEP  and  the  ETNP  The  variations  in  the  N-O-O, 
slopes  may  arise  from  regional  variations  in  tne  rates  of  VO 
production  and  oxygen  consumption  and  aiso  from  mixing  of 
different  water  masses  containing  different  initial  concentra¬ 
tions  of  VO  and  oxygen. 

Similar  to  the  definition  of  'apparent  oxygen  utilization' 
IAOL')  by  Redfield  a  at.  ;'I963): 

AOC  -  -  0,"’,uurM  1 1 ) 

'aoparent  N,0  production'  i-dVO)  was  denned  by  Y  ashman 
[1973]  as: 
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Fig.  :.  Vertical  proriles  of  N,0.  jxvgen  jna  titrate  from  c.  - •  me 
North  Atlantic,  hti  Northeast  Pacific,  ana  a.  <>>  Eastern  Tr-ncci 
North  Pacific.  iai  'Meteor  cruise  21.  station  215  Hahn  4*5.  Ratine’ 
e:  ji..  i4*J|.  Nitrate  jata  from  Geosecs  station  2'  damonaft  *'? 
'b'  Station  C-.o  [Yasmnan.  ;4'3I  Nitrate  data  tram  Geosecs  'tat, on 
29  [Satrwndft  .475]  c  T  G.  Thomoson  cruise  TV2:  station  • 

■  J.  el  'W’ecoma'  cruise  Antoc  ’*-1.  stations  .J(  ;2  jna  ./•  ->  Canen  n 
at..  1 97—1. 


AN,0  ■  N,Om,*“,,a  -  N,0.,.31 
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TABLE  I  Mean  N,0  and  Oxygen  Concentrations  and  Percent  N-0  and  Ox  y  gen  Saturations  at  '..he  N,0  M  -ixitna  n  Some  M  arm;  E.-.v  ran  men  is 


Location 

N  :0 

Concentration, 
nmol  I' 

Oxygen 

Ccncertrit.on. 

..noi  i " 

N;0 

Saturation. 

Saturation. 

A:rno*crw.-; 

C.T.centrat.on 

Northeastern  Atlantic- 

.  o  3  s  ;  3 1 3 ; 

.'3  a  .9' 3. 

.*:  =  9 

t2  r  3 

Northwestern  Atjantic* 

3IA  =  :*ii:i 

: 54  =  . u i g i 

90  =  .3 

53  r  a 

523 

Cariboean- 

r  9  =  9.9(7) 

;  50  r  3 

340  =  :  : 

523 

Northeastern  Pictlic’ 

36.91!) 

:;m  i 

321 

a 

Eastern  Tropical  North  Picnic' 

39.5  =  4.5  i9) 

=  3.3) 

49*  r  55 

4  ;  5 

23" 

Percent  NiO  saturations  are  relative  to  the  Atmospneric  N-0  concentrations  nstea  n  column  6  NUmoer  n  oarentneses  s  numoer  ;t  stations 
’Average  values  lor  stations  5IJ.  5U.  215,  'Meteor'  cruise  S3.  Mann  ' i 975 ].  3otn  N-0  and  cxvgen  cata  are  :rcm  graonica:  jreseniations 
n  the  original  resorts. 

Average  values  for  stations  C-T  C-II.C-16,  C-30.  Yoshtnar.  .9*3.  appenaixj. 

Average  values  t'rom  Yasntnan  ('.9*3.  appendix!.  Cray  an  average  value  for  tne  oxygen  concentration  n  '..ne  oxvgen  rwuntu  oi  '.r.e 
Cunboean  is  given. 

’Station  a.  T  G  Thompson' cruise  TT-I3I. 

'Average  values  for  station  3-12.  'W.ecoma  cruise  'Veloc-”-l  Conen  et  at..  The  relatively  .arge  standard  ceviation  oi  me  c<-gen 

measurements  rehects  me  maccuracv  ot'  the  ■Uiniclef  procedure  at  -ery  o*  oxygen  concentrations. 


Thus.  AN,0/.A0L  is  the  ratio  of  N,0  production  :o  oxygen 
consumption.  Yoshtnart  ( ! 973 ]  round  a  linear  reiattonsmp  oe- 
tween  AN,0  and  aOL  m  the  NWa.  The  reiationsnips  be- 
tween  AN,0  and  AOL'  at  Yosmnart's  four  stations  :‘rom  tne 
NWA,  one  station  from  tne  NEP  and  ten  stations  from  tne 
ETNP  are  snown  :n  Figure  3.  'In  tne  ETNP  oniv  samoies 
containing  more  than  I"  amoi  O-i  i“  were  considered  since  at 
lower  O,  concentration  tne  effects  of  denitrification  are 
dominant  [Cohen  and  Gordon.  i9“S]. ) 

A  comparison  of  Figures  3  and  3.  noting  tnat  botn  empioy 
the  same  scaies  reveals  that  :n  the  NWa  the  two  slopes,  aoove 
and  below  the  oxygen  minimum,  on  the  N,0-0-  diagram  have 
merged  into  one  on  the  AN,0-aOL  diagram.  The  deep  sam¬ 
ples  ica.  >  I -MX)  m  l,  however,  do  not  fall  on  this  trajectory  but 
cluster  around  ca.  50  umol  AOL'  l*‘.  In  the  Pacific,  on  tne 
other  hand,  the  separation  between  the  samples  from  aoove 
and  below  the  oxygen  minimum  is  greater  on  the  AN-O-AOL 
diagram  than  on  the  N,0-0,  diagram. 

Resuits  of  linear  regressions  of  AN,0  versus  AOL  for  all 
the  groups  of  points  in  Figure  3  are  listed  in  Taoie  3  and  the 
corresponding  regression  lines  are  plotted  in  Figure  3.  As  can 
be  seen  from  the  high  correlation  coefficients  for  the  regres¬ 
sions.  a  linear  function  adequately  describes  the  relationships 
between  AN,0  and  AOL  in  the  Pacific  also,  provided  that 
samples  from  above  and  below  the  oxygen  minimum  are 
grouped  separately.  iT’ne  regression  coefficients  in  Table  3  for 
Yoshinari's  data  from  the  NWA  are  slightly  different  than 
those  he  obtained  for  the  same  data,  probably  because  of  smali 
differences  in  the  calculations  of  the  N,0  solubility  coeffi¬ 
cients.) 

The  ratios  of  N,0  production  to  oxygen  consumption 
i ANjO/AOL  on  a  motar  basis),  referred  to  here  as  the  'N;0 
oxidative  ratios.'  for  the  different  groups  of  samples  in  Figure 
3  vary  from  *.6- 10"’  to  3.13-  10"  (Taoie  3).  The  N,0  oxida¬ 
tive  ratios  for  the  0  to  1000  m  depth  range  in  the  NW  a  and  for 
the  0  to  300  m  depth  range  tn  the  NEP  are  quite  similar  and 
both  are  about  half  the  oxidative  ratio  in  shallow  waters  of  the 
ETNP.  The  regression  lines  ''or  these  three  suites  of  samples 
have  near  zero  intercepts.  The  N',0  oxidative  ratios  .n  bees 
waters  of  the  NEP  and  the  ETNP  are  higner  than  those  founa 
:rt  shallower  waters  and  the  corresponding  -egression  ..nes 
have  large  negative  .ntercepts. 

Because  AN,0  *as  found  to  be  a  linear  function  if  AOL 
and  since  nitrate  regeneration  is  also  linearly  -elated  to  oxygen 


consumption  [Rednetd  et  at..  .9631  t  .s  possible  to  caieuiate 
the  ratio  of  N,0  production  to  nitrate  brocuction.  According 
to  the  Redfietd  et  at.  ,''.963;  pianxton  decomposition  moc;:: 

‘CHjOho,  'NHi/u  HiPO*  -  1380. 

=  106CO,  -  .  33H.O  -  .6KNO,  -  H,PO.  c. 

!6  moles  of  nitrate  ire  formed  at  tne  expense  bf  138  motes  of 
oxygen.  Extensive  tests  of  tne  mode,  m  various  areas  cr  me 
ocean  \Mtsartz-Borrt%o  a  at..  19*5’  snowed  that  :  s  consis¬ 
tent  with  field  data.  Thus,  the  -atio  of  N.O  to  nitrate  nroujc- 
ticn  s  'AN, O'  AOL'i-i  138-  .si.  Values  of  this  *at:o  ''or  ne 
environments  considered  in  Figure  3.  where  N',0  formation  s 
expressed  as  a  percentage  of  tne  nitrate  formation  on  a  ag 
atom-N  basis  vary  from  0  .3  to  0.3*c?  -  Table  3 

Discussion 

The  Relationship  Between  Oxvgen 
Consumption  and  \,0  production 
tn  the  Ocean 

Examination  of  vertical  proriies  of  N,0  oxygen,  and  nitrate 
from  the  Atlantic  and  Pacific  Oceans  reveals  a  striking  con- 
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'  CC  2!X  3CC 

Oj  ;*|  .mol  '■'! 

-  j.  5.  NjO-oxvgen  reiauonsnios  or  stations  n  be  Northwest 
Atlantic  .  triangles.  Y unman  .19731.  station  C-iBi.  Northeast  Picnic 
circles,  station  3 1.  ind  Eastern  Trocncat  North  Pacinc  squares.  Toner 
n  at  !  197*1,  station  9'  The  jotted  me  covers  the  -egion  »nere 
samoies  contained  ess  'han  T  aM  O,  ." 
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Fig.  3.  AN.O-AOU  relationships  for  four  stations  from  the 
Northwest  Atlantic  [Yoshinan  1973.  stations  C-7,  C-l  I,  C-16.  C-20), 
one  station  from  the  Northeast  Picnic  (station  3).  and  ten  stations 
from  the  Eastern  Tropical  North  Pacific  (only  samples  containing 
more  than  I'  aM  O,  I'1)  [Cohen  a  at..  1 97".  stations  2-12).  tat 
Northwest  Atlantic  O-iOOO  m.  (b)  Northeast  Picnic  0-800  m  t.c) 
Eastern  Tropical  North  Pacific  0-125  m.  id)  Northeast  Pacific  1000- 
2500  m.  («?i  Eastern  Tropical  North  Pacific  600-3000  m.  The  doited 
line  encircles  the  Northwest  Atlantic  samples  from  depths  greater  than 
l-t00  m.  Arrowheads  indicate  increasing  aepth. 

sistency  in  the  relationships  among  them.  N,0  is  positively 
correlated  with  nitrate  and  negatively  correlated  with  oxygen 
throughout  the  water  column  in  both  oceans  except  where 
denitrification  occurs  in  the  ETSP  Like  nitrate  production. 
N,0  production  was  found  to  be  linearly  related  to  oxygen 
consumptron  in  all  the  marine  environments  studied  (Figure  3) 
and  this  supports  the  conclusions  of  Yoshmari  [1973)  and 
Cohen  and  Gordon  [1978)  that  N,0  production  in  the  ocean 
primarily  arises  from  nitrification,  the  process  whereby  nitrate 
is  regenerated. 

The  overall  variation  in  the  ratios  of  N,0  production  to 
oxygen  consumption,  and  hence  to  nitrate  production,  among 
the  environments  investigated  is  rather  small  iless  than  a  factor 
of  3,  Table  2).  However,  the  differences  in  these  ratios  for 
waters  deeper  and  shallower  than  ca.  300  to  1000  m  in  both  the 
Atlantic  and  Pacific  are  significant.  We  do  not  fully  under¬ 
stand  these  differences,  but  a  possible  clue  can  be  derived  from 
examination  of  the  temperature  and  salinity  distributions  of 
the  NWA,  NEPand  ETNP  (Figure  4).  In  the  NWA  and  NEP. 
variations  in  the  AN,0  to  AOU  ratios  (Figure  3)  occur  at 
approximately  the  same  depths  where  singularities  appear  on 
the  temperature-salinity  diagrams.  These  singularities  indicate 
the  transition  from  the  locally  formed  central  water  masses  to 
the  deep  water  masses  of  northern  and  southern  origins  [Sver¬ 
drup  et  a/..  1942).  The  situation  is  more  complicated  in  the 
ETNP  because  there,  the  two  regression  lines  in  Figure  3 
represent  waters  separated  by  the  oxygen  deficient  zone  where 


5N,0  is  not  linearily  related  to  AOU.  The  water  oeiow  ca 
600  m  in  the  ETNP  is  comprised  of  a  mixture  of  intermediate 
Water  (characterized  by  a  sannit)  minimum)  and  Deep  Pacific 
Water.  In  ootn  the  Atlantic  and  Pacific,  the  noniineamy  of  the 
upper  part  of  the  9-5  diagrams  apparently  does  not  affect  the 
-iN',0  to  AOU  -atios.  It  :s  thus  possible  that  variations  in  the 
AN'jO  to  AOU  ratios  reflect  different  characteristics,  with 
respect  to  N',0  formation,  of  the  relatively  warm,  central  water 
masses  and  the  cold,  deep  water  masses.  The  abundance  of 
nitrifying  microorganisms,  the  fraction  of  these  which  contrib¬ 
ute  to  N,0  formation  and  the  availability  and  composition  of 
the  oxidtzaole  organic  matter  might  be  some  of  the  distinctive 
properties  of  water  masses  of  different  origins.  The  limited 
data  base  of  this  work  does  not  permit  a  detailed  discussion  of 
this  hypothesis  and  clearly,  measurements  of  N,0.  oxygen  and 
nutrients  in  the  southern  and  northern  source  regions  of  the 
deep  waters  of  the  ocean  are  required  for  this  purpose. 

Estimates  of  .V,0  Production  in  the  Ocean 
and  Its  Escape  to  the  A  tmosphere 

Given  the  relative  constancy  of  the  N,0  oxidative  ratios  and 
assuming  that  the  N, O-nitrate  relationships  established  here 
are  representative  of  the  whole  ocean,  an  attempt  can  be  made 
to  estimate  the  rate  of  N,0  production  :n  the  ocean.  A  model 
for  the  marine  nitrogen  cycie.  taken  from  the  giobai  model  of 
Liu  et  at.  [  1977],  is  shown  in  Figure  5.  The  reader  is  referred  to  1 

the  original  paper  for  details  on  the  estimation  of  the  various 
numerical  values  but  some  relevant  points  will  be  mentioned 
here.  The  large  nitrogen  reservoir  >n  marine  sediments  was 
neglected  because  the  transfer  rates  between  this  reservoir  and 
the  others  were  considered  to  be  very  small;  the  values  for 
nitrogen  input  into  the  ocean  are  independent  estimates  but 
the  output  value  for  marine  aenitnncation  is  a  forcea  vaiue 
based  on  a  steady  state  assumption:  similarly,  the  nitrogen 
mineralization  rate  is  a  forced  value  determined  from  inde¬ 
pendent  estimates  of  the  rate  of  nitrogen  assimilation  in  the 
ocean.  Taking  the  2000  Tg-N  vr*1  i  l  Tg  »  10‘2g)  mineral¬ 
ization  rate  as  a  maximal  estimate  of  the  oxidative  production 
of  nitrate  in  the  ocean  and  an  average  value  of  0.3  for  the 
5N,0  to  5N0,'  ratio  in  the  process  (Table  3).  tne  total 
oceanic  N-0  production  rate  would  be  4  Tg-N  >r*‘  or  6.3  Tg* 

N,0  vr*1.  Because  of  all  the  values  in  Figure  5  the  estimated 
N,0  production  rate  depends  only  upon  the  nitrogen  mineral¬ 
ization  rate,  it  is  important  to  note  that  a  somewhat  independ¬ 
ent  estimate  of  this  rate  by  .WcElroy  et  at.  [1976],  1500  Tg-N 
vr*',  is  quite  similar  to  that  of  Liu  et  at.  [1977], 

Assuming  a  steady  state  N,0  distribution.  N',0  production 
must  be  balanced  by  N,0  loss  from  the  ocean.  The  only 
known  oceanic  sinks  for  N,0  are  its  escape  to  the  atmosphere 
at  the  air-sea  interface  and  its  biochemical  consumption  n 
oxygen  deficient  and  anoxic  waters  [Cohen.  197$,  1977],  Since 
the  magnitude  of  the  latter  sink  is  at  the  present  time  unknown 
and  its  areal  extent  limited  it  will  be  neglected  for  the  moment 


TABLE  2.  Regression  Equauons  of  4N,0  (nmol  l*‘)  on  AOU  i^moi  l*1)  for  Some  Vlarine  Environments 


Location 

Depth  Range,  m 

Regression  Equation 

r 

1 

Northwestern  Atlantic 

100-2500 

A.N,0  -  -0  437  -  (0.089  =  0.003 )AOU 

0  972 

36 

Northeastern  Pacinc 

0-800 

b.N,0  -  -0.928  -  <0  076  =  0.003  )AOU 

0.993 

i 

100-2500 

A.N,0  -  -46.248  -  1 0.218  =  0.026 )AOU 

0.988 

5 

Eastern  Tropical  North  Pacific* 

0-125 

A.N,0  ■  0.909-  i0. 140  =  0.004UOU 

0.986 

*00-3000 

■IN.O-  -31  330  -10.152  =  0.013)aOU 

3.957 

•4 

•Only  samples  with  O,  >  i7  amol  I*' 
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TAflLE  3.  N,0  Production  in  Some  Manne  Environments  Expressed 
as  i  Percentage  of  Nitrate  Production  on  i  ug  itom-N  Basis 


Environment 

AN,0.  ANO,. 

North  Atlantic 

9- 1 000  m 

■)  15 

Northeast  Pacific 

'^400  m 

3.13 

i  OOO- 2500  m 

0.3' 

Eastern  Tropical  North  Pacific 

0-125  m 

0.24 

'00-3000  m 

0.26 

and  the  estimated  N,0  production  rate  given  here  will  he 
compared  to  available  data  on  the  rate  of  N,0  loss  to  the 
atmosphere.  The  procedure  will  be  to  calculate  an  average 
oceanic  surface  supersaturation  of  N-0  required  to  produce  an 
N,0  flux  into  the  atmosphere  of  4  Tg-N  yr'1  and  to  compare 
this  calculated  value  with  the  results  of  N,0  measurements  at 
the  sea  surface. 

According  to  the  'stagnant  him'  model  [Bolin.  I960],  the 
rate  limning  step  in  gas  exchange  across  the  air-sea  interface  is 
moiecular  diffusion  through  a  laminar  layer.  The  gas  hux  t F) 
across  the  interface  is: 


where  D  is  the  gas  molecular  diffusion  coefficient.  Z  is  the 
thickness  of  the  laminar  iayer  and  A  is  the  difference  oetween 
the  measured  concentration  of  the  gas  at  the  base  of  the 
laminar  layer  and  its  equilibrium  solubility.  Taking  i3°C  as 
the  average  surface  temperature  of  the  ocean  [Bialek.  1966.  p. 
54)  a  N,0  molecular  diffusion  coefficient  of  2  I0-’  cm*  s"‘  at 
this  temperature  (interpolated  from  the  values  given  in 
Broecker  and  Peng  (1974)),  a  Z  value  of  50-  !0"‘  cm  [B'oecker 
and  Peng.  1974),  a  flux  of  6.3  Tg-N.O  yr_1  (4.5-  10“  nmol  N-0 
s'1),  and  multiplying  the  right  hand  side  of  (4)  by  the  total 
area  of  the  ocean  (361  ■  10“  cm'),  a  A  value  of  0.32  nmol  N-0 
I'1  is  obtained.  Taking  an  average  atmospheric  N,0  concen¬ 
tration  of  290  ppbv.  the  N,0  equilibrium  solubility  at  16°  C 
and  35%o  salinity  would  be  7.29  nmol  l';.  Combining  this 
value  with  the  above  result  for  A.  the  surface  water  of  the  ocean 
would  on  the  average  be  105%  supersaturated  with  N,0.  It  is 
important  to  note  that  this  calculation  is  relatively  insensitive 
to  changes  in  the  atmospheric  N,0  concentration.  Taking  the 
lowest  (250  ppbv)  and  highest  (328  ppbv)  atmospheric  N,0 
concentrations  listed  in  Table  1  instead  of  290  ppbv  would 
change  the  final  result  for  the  average  oceanic  surface  super- 
saturation  by  less  than  1%. 

The  above  results  will  now  be  compared  to  the  results  of 
direct  N,0  measurements  at  the  sea  surface.  Table  4  includes 
all  the  presently  available  surface  N,0  measurements  with  the 
exception  of  one  data  set,  that  of  Rasmussen  et  al.  (i976),  from 
the  Eastern  Pacific.  The  data  of  Rasmussen  et  al.  (1976)  is  not 
included  because  of  the  large  scatter  in  the  N,0  saturation 
values,  especially  south  of  the  equator.  For  example,  their 
surface  N,0  saturation  values  at  5.7  and  7.6aS  were  105  and 
280%,  respectively  (see  also  Cohen  and  Gordon  (197".  Figure 
6]).  The  other  data  sets  m  Table  4  were  grouped  with  respect  to 
latitude  and  replicate  observations  at  one  location  were  aver¬ 
aged.  With  the  exception  of  the  data  from  the  Meteor1  cruise 
16  which  will  be  discussed  m  detail  below,  surface  N,0  satura¬ 
tions  in  both  the  Atlantic  and  Pacific  Oceans  are  quite  low 
with  an  average  vaiue  of  109%.  This  average  supersaturation  is 


higner  than  the  105%  calculated  above  out  :n  light  of  the 
uncertainties  involved  ,n  the  calculations  both  -ssults  are  com¬ 
patible.  Considering  the  range  of  the  AN-0  ANO, '  values  in 
Tabie  3.  an  uncertainty  of  a  factor  of  2  is  quite  -easonaoie  for 
the  ffux  calculated  from  tne  N, O-mtrate  relationships.  Taxing 
i  rather  than  4  Tg-N  yr"  for  tne  ffux  vaiue  :n  4,  *ouic  -icic 
an  average  surface  N,0  supersaturation  of  109% 

Other  estimates  of  the  N,0  exchange  across  the  ocean- 
atmosphere  interface  can  be  examined  ;n  terms  of  i4)  ana 
Table  4.  Maximal  estimates  are  those  of  Hahn  (i974a.  1915) 
and  Hahn  and  Junge  (197']  who  concluded  that  the  ocean  :s  a 
net  source  for  atmospheric  N,0  with  a  magnitude  of  16  to  160 
Tg-N  yr'1  and  a  most  likely  vaiue  of  45  Tg-N  yr'1 t'O  Tg-N,0 
yr'1),  and  a  minimal  estimate  is  that  of  McElroy  e;  al.  [19?6j 
who  argued  that  the  ocean  is  a' net  sin*  for  atmospneric  N-0 
with  a  magnitude  of  40  Tg-N  yr'1  i63  Tg-N,0  yr"). 

Hahn  s  (1974a.  1975)  and  Hahn  and  Junge  s  (1977]  inmates 
of  the  oceanic  N,0  ffux  were  obtained  by  extrapolating  to  a 
glooal  scale  the  -esuits  of  N,0  measurements  ,n  surface  and 
shallow  waters  of  the  North  Atlantic  made  during  the  Meteor 
cruises  in  1969  to  1971  (Table  4).  On  tne  basis  of  mat  data. 
Hahn  (1974a)  concluded  that  'our  measurements  yietd  an  aver¬ 
age  N,0  saturation  of  180%  for  the  North  Adamic  surface 
water.'  Apparently,  as  was  pointed  out  by  McElrov  et  at. 
(1976),  this  conclusion  was  neaviiv  weighted  by  the  few  mea¬ 
surements  from  the  i969  cruise.  Of  these  measurements,  one 
1 293%  saturation )  was  not  a  surface  sample  ana  of  the  surface 
samples  only  one  was  more  than  iS0%  supersaturated  with 
N-0  Furthermore,  the  analytical  method  for  the  seawater 
NjO  measurements  employed  in  1969  was  much  ess  precise 
than  that  used  in  !9'0  and  1971.  and  it  .s  atso  significant  mat 
Yoshtnans  (1973)  data  from  the  Northwest  Atlantic  reveals 
surface  N-0  supersaturations  much  lower  than  those  found  by 
Hahn  at  approximately  the  same  latitudes  in  the  Northeast 
Atlantic  m  1969  Inserting  Hahn  and  Junge’ s  (19"]  most  iixeiy 
value  for  the  oceanic  N,0  ffux  into  the  atmospnere  1  *0  Tg-N-0 
yr'1,  derived  from  i 4 )  with  Z  -  50- 10'*  cm)  .mo  '4)  without 
changing  the  numerical  values  of  the  other  parameters  usea 
above  would  vieid  an  average  150%  N,0  supersaturation  for 
the  whole  surface  of  the  ocean.  Taoie  4.  however,  shows  that 
with  the  exception  of  the  resuits  from  the  Meteor  cruise  n 
1969,  not  a  single  surface  sample,  from  anywhere  in  the  ocean, 
was  more  than  135%  supersaturated  with  N,0. 

The  conclusion  of  McElrov  et  al.  (1976)  that  the  ocean  .s  a 
net  sink  for  atmospheric  N,0  is  also  mconststant  with  the  data 
in  Table  4.  inserting  their  flux  estimate  of  -63  Tg-N,0  yr'1 
into  (4)  yields  an  average  oceanic  N,0  saturation  of  56%.  a 
value  not  supported  by  any  field  data.  It  should  be  mentioned 
that,  in  pan.  McElroy  et  ai.'s  conclusions  were  based  on 


'Sr 


u  I 

; 

bi¬ 


sks  AORTWPtJT 

*TUM»nC 


1 1/ 


■/ 

jUITWn 

g  ^T>e  C 
% 


jm  »  34.4  344  34  a 

S  (%.! 


*CJ*C 


313  34  3  34  4 


Fig.  *  Potential  temperature-saiimty  diagrams  :or  '<mhe  North* 
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[Cohtn  ti  al..  19*7*7].  md  (o  Northeast  Paciric  [Murray  ti  al..  i9r’]. 
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Fig.  3.  The  marine  nitrogen  cycle  (pan  of  Figure  2  of  Ltu  a  at. 
[1977]).  Units  are  in  Tg-N  ( I  Tg  *  i  0U  g)  for  reservoir  contents  or  Tg- 
N  per  year  for  transfer  -ales. 

combining  thetr  own  interpretation  of  Hahn'i  [ ! 9'74<i]  data 
with  earlier  N,0  measurements  by  Craig  and  Gordon  [1963] 
However,  me  data  of  Craig  and  Gordon  were  composites  of 
>,0  samples  from  various  geographic  locations  and  depths 


which  m  light  of  Figure  I  cannot  oe  considered  representative 
of  surface  data. 

CONCLUSIONS 

Neither  Hahn'%  M9?J<ij  ino  Harm  and  Junge  s  nor 

McElroy  n  at.' s  [  !9*61  estimates  of  the  N.O  exchange  between 
me  ocean  and  the  atmosphere  are  supported  by  the  present.;, 
available  surface  N,0  data.  On  the  other  nand.  the  estimate 
presented  here  of  an  oceanic  source  oi  atmospheric  N,0  wnh  a 
magnitude  of  less  than  10  Tg-N  yr"‘ i  16  Tg-N, 0  yr"  i  which 
was  derived  from  information  on  the  cycling  of  nitrogen 
within  the  ocean  is  in  good  agreement  with  the  results  of  N.O 
measurements  in  surface  waters.  In  spite  of  this  agreement  n 
should  be  clear  that  the  analysis  presented  here  is  'ar  from 
being  a  complete  N,0  budget  for  the  ocean.  First.  N,0  data 
from  the  Pacific  Ocean  are  very  limited  and  no  data  are  avail¬ 
able  for  the  Indian  and  Southern  Oceans.  Data  from  the 
Southern  Ocean  are  especially  important  because  they  provide 
insight  into  the  N,0-oxvgen-nitrate  relationships  at  the  time 
the  bulk  of  the  ocean's  deep  waters  are  formed.  Second,  if 
Hahn  s  [1975]  proposition  that  N,0  might  be  formed  as  a 
byproduct  of  nitrate  assimilation  by  phytoplankton  is  true,  an 
additional  N,0  source,  which  was  not  accounted  for  :n  the 
present  analysis,  might  exist  in  the  euohotic  zone.  Although 
the  data  of  Cohen  and  Gordon  [1978]  from  the  ETNP.  and  N;0 
profiles  from  different  seasons  in  the  Northwest  Atlantic 
( Yoshinari .  1973]  indicate  that  if  this  source  exists  its  contribu¬ 
tion  is  rather  small,  the  possibility  has  to  be  investigated. 
Third,  the  quantitative  significance  of  denitrification  sites  m 
the  ocean  as  sinks  for  N',0  needs  to  be  evaluated.  Oxygen 
deficient  and  truly  anoxic  waters  comprise  oniy  a  small  trac¬ 
tion  of  the  total  volume  of  the  ocean  out  these  are  the  primary 
marine  sinks  for  combined  nitrogen  { Codispoii .  ! 97 3 ].  Fourth, 
a  is  possible  that  :n  the  present  analysis  the  overall  rate  of 


TABLE  a.  Surface  N,0  Saturation  in  the  Ocean 


Cruise.  Date 

Location 

Number  of 
Samples'* 

Mean  N,0 
Saturation. 

Range  of 
N-0 

Saturation. 

"9 

Number  of 
Samples 
with  N.O 
Saturation. 
>  I20<n 

Reference.  Atmosoneric 
N,0  Concentration 

‘Meteor  cruise  16  April  1969 

0  6*N 

.  32‘W 

i 

232 

! 

Hahn  (I9"4<j.  Table  2], 

10. 3*  N 

.  32'W 

1 

293' 

250  ppov 

23.6*N 

.  30*W 

1 

175 

1 

36.6'N 

.  30*W 

1 

157 

t 

t 

39.9* N 

,30’W 

1 

125 

1 

Meteor'  cruise  20b  June  1970 

62.0*-65.1*N. 

J.2*-I9.3*W 

18 

113 

104-135 

3 

250  ppbv 

■  Meteor'  cruise  23c  J  une  1 97 1 

38.5*-48.5’N, 

ll.5*-43.0*W 

7 

124 

120-130 

& 

270  ppov 

Feb. -Oct.  1972 

34."*-42.3*N. 

61 ,4*-74.6’W 

6 

102 

93-1 14 

0 

Feb.-March  i  972 

27,a*-32.7*N. 

69.5’-79.4*W 

3 

110 

100-126 

! 

Y  ashman  (19^3.  A  p- 

pendix  A  {,  528  ppov 

Feb. -March  1972 

1 1 .3*  - 1 8.6*  N , 

60 ,2*-74  6'W 

10 

113 

109-123 

■> 

'T  G.  Thompson'  cruise 

46.8*  N. 

126.8*  w 

1 

i  05 

0 

this  work.  2'S  pobv 

TT 121.  July  1977 

Weeoma'  cruise  Weloc  77-1 

34  2*N. 

120.2*W 

1 

105 

') 

Jan.  1977 

28.0*  N. 

116.0‘W 

1 

100 

0 

Cone*  et  at 

287  pppv 

J.7*-I9.S*N.* 

;03.9*-U2.0*W 

9 

:  1 1 

96-124 

56  (lotah* 

109  ( mean  1* 

1 3 1  total  1* 

'Replicate  measurements  at  one  location  were  averagee  and  counted  here  as  one  sample. 

'Sample  taKen  at  a  depth  of  23  m. 

These  stations  were  grouped  because  all  are  within  the  oxygen  deficient  tone  of  the  ETNP  [Cohen  ana  Cordon  idT8| 
'Excluding  the  Meteor'  cruise  16  data. 
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marine  nitrification  was  overestimated.  This  rate  was  taken  as 
equal  to  the  nitrogen  mineralization  rate  which  ,n  turn  was 
estimated  from  the  rate  of  nitrogen  assimilation  m  the  ocean 
i  Figure  5  i.  Because  part  of  the  nitrogen  assimilated  by  piants 
is  in  the  form  of  ammonia  released  by  the  biota  and  formed 
from  the  degradation  of  organic  nitrogen  compounds,  :ne 
present  estimate  of  nitrification  and  accordingly  the  estimate 
of  N,0  production  are  prooably  maximal. 
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Abstract 

Tne  rates  at  which  concentration!  of  oxvgen  and  carbon  dioxide  in  Stuart  Channel  chanced 
due  co  biological  production  and  to  exchange  men  the  atmosphere  were  determined  from 
measurements  of  the  simultaneous  changes  in  oxygen.  pH.  and  titration  aikaiinitv  over  a  15- 
day  period  in  July  197S.  Carbon  dioxide  was  consumed  bv  plankton  at  a  rate  of  10.3  wmoi 
CO,  liter*'- d*'.  CO,  entered  the  surface  layer  bv  atmospheric  exchange  at  a  .-ate  of  0.49  umoi 
CO,- liter*' -a*'.  The  piston  velocity  was  calculated  to  be  2.2  <  10*’  em  s*'  Oxvgen  was 
produced  at  a  rate  of  14.1  wtnol  O,  liter*'- d*'.  due  to  photosvnthenc  jctivitv.  The  rate  of 
oxygen  loss  to  the  atmosphere  was  3.3  wmol  O,  titer*'  d*  The  piston  velocity  was  1.3  < 
10*‘  cm  -s*1 


The  cycles  of  CO;  and  O;  from  the  at¬ 
mosphere  to  the  surface  layer  of  the 
ocean  and  within  the  surface  layer  are  of 
great  interest,  particularly  because  of  the 
role  that  the  ocean  may  play  as  a  sink  for 
anthropogenic  CO;.  Some  of  the  major 
fluxes  in  these  cycles  are  the  production 
and  consumption  of  0.  and  COs  by  bio¬ 
logical  activity  and  the  exchange  of  these 
gases  from  the  atmosphere  to  the  ocean. 
We  present  here  a  short  term  study  of 
these  fluxes. 

The  exchange  of  0:  across  the  air-sea 
interface  and  the  net  amount  of  biological 
production  were  determined  in  the  Cutf 
of  Maine  by  Redfieid  (1948)  from  consid¬ 
erations  of  the  simultaneous  changes  in 
0-  and  PO,  concentrations  with  time  in 
the  water  column.  A  similar  study  was 
made  by  Pytkowicz  1 1964)  off  the  Oregon 
coast.  More  recent  studies  of  gas  ex¬ 
change  have  tended  to  emphasize  C0- 
because  of  the  concern  over  the  fate  of 
anthropogenic  CO*.  The  aiiference  in  the 
’^C  activity  of  the  ocean  and  the  atmo¬ 
sphere  has  been  used  to  determine  the 


1  Thu  restarch  was  supported  in  part  by  the 
Oceanography  Section  of  the  N'anonal  Science 
Foundation  and  bv  the  Office  of  Naval  Research. 

1  Present  address:  Mar.  Sci.  Inst,  Cniv.  Calif.. 

Santa  Barbara  93106. 

4' 


rate  of  CO?  exchange  Park  and  Hood 
1963;  Sroecker  and  Peng  19T4).  The  re¬ 
sults  of  these  measurements  provide  in¬ 
formation  oniv  about  the  rate  of  gas  ex¬ 
change  and  not  biological  uptake.  Other 
studies  on  gas  exchange  have  been  sum¬ 
marized  by  Kester  (1975)  and  Skirrow 

i  19731. 

Methods  used  to  estimate  primary  pro¬ 
duction  in  seawater  have  been  summa¬ 
rized  by  Strickland  { 1965).  Primary  pro¬ 
duction  is  n*pically  measured  in  a  water 
sample  isolated  in  a  container,  which 
may  introduce  systematic  errors.  Few 
measurements  of  production  have  been 
based  on  determinations  of  in  situ 
changes  in  chemical  properties.  Smith 
( 1973)  calculated  the  rate  of  biological 
uptake  of  CO-  on  a  coral  reef  from 
changes  in  the  total  inorganic  carbon  con¬ 
tent  iTCOi)  of  ocean  water  as  it  flowed 
across  the  reef.  Atmospheric  exchange 
was  ignored  because  Smith  estimated  it 
to  be  <  lOFc  of  the  total  change.  A  later 
study  showed  that  atmospheric  CO-  ex¬ 
change  could  be  important  in  areas  of 
lower  productivity  i.Smith  and  Pesret 
1974). 

Our  study  of  the  cycles  of  O.  and  CO- 
in  the  surface  iaver  of  Stuart  Channel  is 
74 
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Fig.  1.  Samoiin?  ifations  m  Stuan  Channel. 
Data  ihown  in  Fiat.  2  obtained  at  .ration  12. 


based  on  observed  changes  in  the  in  situ 
concentrations  of  Oj  and  COi  with  time. 

C.  A.  Curtis  and  D.  Ptath  assisted  in 
gathering  field  data.  Y.  Cohen  and  C.  T. 
Chen  made  valuable  suggestions. 

Hydrographic  conditions  in  Stuart 
Channel 

Our  study  was  made  from  3-22  July 
1976  in  Stuart  Channel  (Canadian  Cuff 
Islands  about  45  km  north  of  Victoria, 
B.C.:  Fig.  U.  The  distribution  of  chemi¬ 
cal  properties  in  the  channel  was  studied 
extensively  from  1934-1965  (Waldichuk 
etal.  19686).  During  summer  months  the 
channel  is  strongly  stratified  in  both  tem¬ 
perature  and  salinity.  The  conditions  in 
July  1962  at  a  station  w  ithin  0.5  km  of  our 
sampling  site  (Fig.  2)  show  a  weil  mixed 
surface  layer  between  8  and  10  m  deep. 
Below  the  surface  layer  there  is  a  strong 
gradient  in  all  properties  that  inhibits  any 
mixing  between  the  deep  water  and  the 
surface  layer.  Horizontal  gradients  with¬ 
in  the  channel  are  small;  for  example,  sa¬ 
linity  variations  across  the  channel  and 
along  the  central  Axis  are  usually  <1.0fl» 
at  a  constant  depth  in  the  surface  layer 
(Waldichuk  et  al.  19686). 

The  low  salinity  of  the  surface  layer  of 


Fig.  2.  Hydrographic  data  obtained  at , ration  12 
in  Stuart  Channel  on  .4  juiv  (982.  Data  from  Wji- 
dithuk  et  ai.  :  1368b).  Location  of  Italian  ihown  in 
Fig.  i. 


the  adjacent  Strait  of  Georgia  is  main¬ 
tained  by  runotT  from  the  Fraser  River, 
which  has  a  nigh  rate  of  Sow  during  sum¬ 
mer  (Waldichuk  1964;  Takahashi  et  al. 
19 1.).  However,  in  Saanich  Inlet,  about 
20  km  to  the  south,  the  surface  water 
shows  an  occasional  increase  in  salinity 
of  several  parts  per  thousand  which  has 
been  attributed  to  upwelling  >  Takahashi 
et  al.  1977  and  references  cited  thereini. 
Here  we  show  that  a  similar  phenome¬ 
non  probably  occurs  in  Stuart  Channel. 

Theory 

The  change  in  the  oxygen  concentra¬ 
tion  of  seawater  over  some  period  of  time 
can  be  expressed  .is 

•10-;  »  AO-"  -  AO;’  ;  1) 

where  superscript  a  indicates  the  change 
due  to  invasion  or  evasion  of  gas  from  or 
to  the  atmosphere  and  superscript  b  re¬ 
fers  to  changes  due  to  biological  process¬ 
es  ( Redfield  194S).  Changes  due  to  mix¬ 
ing  are  considered  below. 
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The  change  in  the  TOO,  concentration 
over  a  period  of  time  can  be  expressed  as 

ATCO,  »  ATCO,’  -  ATCO.’ 

-  ATCO,'  < 2) 

where  superscripts  a  and  b  have  the 
same  meaning  as  in  £q.  1  and  superscript 
c  refers  to  the  change  due  to  dissolution 
or  precipitation  of  carbonate  minerals 
(Smith  1973).  Although  we  are  primartiy 
concerned  with  the  cycle  of  CO;  in  sur¬ 
face  waters,  the  total  inorganic  carbon 
concentration  is  used  in  £q.  2  because 
CO.  participates  in  a  number  of  rapid 
equilibrium  reactions  with  HCO;'  and 
CO,1*. 

The  quantities  on  the  left-hand  sides  of 
Eq.  1  and  2  can  be  found  directly  from 
the  difference  in  two  measurements  of 
the  0.  or  TCO-  concentration  of  seawa¬ 
ter.  In  order  to  resolve  these  total 
changes  into  the  individual  components 
on  the  right-hand  sides  of  Eq.  I  and  2  we 
need  additional  equations  to  relate 
ATCO,1  to  AO,1.  ATCO,’  to  AO,’  and 
aTCO.'  to  the  change  in  titration  alkalin¬ 
ity  and  ATCO.® 

We  can  relate  ATCO,’  to  AO,’  in  the 
following  manner.  The  average  chemical 
composition  of  marine  plankton  has  been 
determined  to  be  iCH.O):  -nNHjy.^HiPO, 
(Redfield  et  ai.  I960).  The  production 
and  decomposition  of  particulate  organic- 
matter.  therefore,  proceeds  according  to 
the  formula 

;CH;0),*i.\Hd„H,P0,  -  1350, 

106CO,  *  16HN0,  -  H,PO«  -  122H.O. 

(3) 

This  scheme  of  production  and  decom¬ 
position  has  been  verified  by  several 
workers.  Specifically,  it  has  been  shown 
that  the  changes  in  TCO,  and  0,  due  to 
biological  processes  can  be  modeled  by 
the  equation 

AO.’/ATCO.'’  »  -138,106  *  -1.30  ,4) 

when  the  concentrations  of  both  species 
are  expressed  in  units  of  moles  per  liter 
'Culberson  and  Pytkowtcz  1970). 

ATCO,”  and  AO,1  can  be  related  to 


each  other  by  means  of  the  stagnant  film 
model  of  gas  exchange.  In  this  model  the 
flux  of  a  gas  across  the  air-sea  interface 
is  given  by 

FluxlMmol •  cm"1- s'1?  =  D'C’  -  Cl'z  5) 

where  D  is  the  molecular  diffusion  coef¬ 
ficient  of  the  gas.  c  is  the  thickness  of  the 
surface  film,  and  C"  and  C  are  the  equi¬ 
librium  and  bulk  concentrations  in  the 
well  mixed  surface  layer  Bohn  I960*. 
AO,'1  and  ATCO;1  are  related  to  the  nux 
by 

AO.."  -  iDo.,0;’  -  Ov;zh]  df  5) 

/  f, 

and 

ATCO;'1  =»  j  "(Deo.; CO.’  -  CO >jizh\  df 


where  h  is  the  depth  of  the  surface  mixed 
layer  and  f  is  time.  In  this  equation  the 
concentration  of  molecular  CO;  actuaiiv 
CO;  -  H  .CO,/  is  used  rather  than  TCO;. 

The  molecular  diffusion  coefficients  of 
CO,  and  0;  tabulated  by  3roecker  and 
Peng  1974;  are  related  bv  the  equation 

D,„  *  1.26  D,,.  Si 

over  the  temperature  ranee  14=-1-'C) 
chat  we  encountered  m  Stuart  Channel. 

The  molecular  diffusion  coefficient  of 
CO;  may  be  effectively  increased  by  two 
factors.  Chemical  reaction  of  CO;  in  the 
laminar  surface  Sim  will  enhance  the  rate 
of  diffusion.  This  effect  is  negligible  for 
surface  films  <100  n  thick  Bolin  1960) 
We  found  from  our  measurements  that 
the  surface  film  was  56  u.  thick,  and  we 
have  therefore  ignored  chemical  en¬ 
hancement  of  CO,  diffusion.  The  pres¬ 
ence  of  the  enzyme  carbonic  anhvdrase 
will  also  increase  the  rate  of  CO,  ex¬ 
change  •  Berger  and  Libbv  1969'.  We 
have  no  way  to  evaluate  this  effect,  and 
our  results  will  have  to  be  considered  as 
a  lower  limit  on  the  possible  rate  of  CO, 
exchange. 

If  the  quantities  :n  the  integrals  of  Eq. 
6  and  7  varv  linearlv  over  short  periods 
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.  time,  and  further,  if  the  changes  in  0. 
:id  CO,  are  greater  than  those  of  z.  'n, 
ad  the  diffusion  coefficients,  then  we 
an  rewrite  these  equations  as 

AO-'  «  D.uUOf  -  O -),. 

-  (Os-  -  OjJltrZzh  (9) 

id 

-TCO,'  =  Ot-o.KCO,'  -  CO.!,, 

-  'COv*  -  CQ~J, .[Xtilzh.  i  10) 

he  equation  relating  AO,''  to  ATCO-’ 
.n  now  be  found  from  Eq.  3,  9,  and  10: 

-Oj'.'ATCO," 

,  ,r  t(Q,'  -o,),  -  o,"-o,),.: 

J  ((CO,"  -  CO„(,  -  -  CO,'  -  coXi 

-<?.  dii 

The  change  in  TCO,  due  to  preciptta- 
ion  or  dissolution  of  carbonate  minerals 
an  be  obtained  from  the  measured 
.hange  in  the  titration  aikaiitutv  and 

ATCO,’: 

ATCO,"  -  0.3JA7A 

-  ,  IT,  106)  ATCO,*]  112) 

where  ATA  is  the  change  in  titration  al¬ 
kalinity.  The  first  term  on  the  right-hand 
ode  of  Eq.  12  arises  simpiv  because  the 
removal  of  carbonate  ions  from  seawater 
causes  a  change  in  TA  that  is  twice  as 
birge  .is  ATCO,'  (Skirrow  1973).  The  de¬ 
composition  of  biomass  bv  reaction  3  re¬ 
sults  in  the  release  of  IS  molecules  of 
nitric  acid  and  one  ot  phosphoric  acid  for 
every  106  molecules  of  CO,  i  Brewer  et 
al.  1973),  and  the  acid  released  will  neu¬ 
tralize  a  portion  of  the  titration  alkalinity. 
The  second  term  on  the  right-hand  side 
is  therefore  present  to  correct  ATA  for 
that  portion  of  it  which  was  neutralized 
!>v  acid  released  during  decomposition  or 
generated  during  production. 

Equations  l.  2,  4,  11.  and  12  can  be 
used  to  solve  for  each  of  the  terms  of  the 
nght-hand  sides  of  Eq.  i  and  2,  For  ex¬ 
ample.  rearranging  these  equations  yields 

[ATCO,  -  0.3ATA 
vrs.,  -  -!l.08»l.30>AO:l 
‘  (l.g  -  1.08/ 1.20)|  iL3) 


where  Q  is  defined  in  Eq.  11.  All  of  the 
quantities  in  this  equation  can  be  ob¬ 
tained  from  field  measurements  of  O,, 
pH.  TA.  temperature,  and  salinity  A  rime 
senes  of  these  measurements  will  thus 
allow  the  amount  of  pnmarv  production 
and  exchange  of  O,  and  CO,  with  the  at¬ 
mosphere  to  be  calculated. 

Method 

Water  samples  were  obtained  at  station 
1.  on  the  end  of .»  50-m-iong  pier .  Fig.  L. 
Additional  samples  were  taken  1  km  off¬ 
shore  station  2)  to  check  hor.zontai  vari¬ 
ability  All  samples  were  taken  at  a  depth 
of  about  0.5  m. 

Oxygen  was  determined  bv  the  Car¬ 
penter!  1963)  modification  of  the  W'inkier 
method.  The  precision  >150!  of  replicate 
analyses  bv  this  method  was  estimated  to 
be  =0.5%.  pH  was  measured  with  a 
Beckman  pH  meter  having  a  dispiav  pre¬ 
cise  to  =0.01  pH.  Repiicute  determina¬ 
tions  had  a  standard  deviation  of  =0.0 15 
pH.  We  measured  titration  alkalinity  bv 
the  method  of  Culberson  et  al.  1970), 
using  the  Beckman  pH  meter;  the  accu¬ 
racy  of  the  meter  limited  precision  to 
=08%.  Temperature  was  measured  :r. 
situ  to  the  nearest  0. 15C.  Salinitv  .vas 
measured  with  an  inductive  saimometer. 
All  analyses  were  done  within  1  h  or  sam¬ 
pling  except  for  the  salinitv  measure¬ 
ments. 

The  TCO,  and  CO,  concentrations 
were  calculated  from  the  pH  ana  TA  data 
using  the  apparent  equilibrium  constants 
of  Slehrbacb  et  al.  !  1973)  for  the  carbon¬ 
ate  system  and  the  equation  of  Edmond 
and  Cieskes  1970)  for  the  borate  system. 
The  concentrations  of  CO,'  and  O,'  were 
calculated  using  the  Bunsen  coefficients 
given  by  Weiss  1 1970,  1974). 

Results 

The  data  for  salinitv  and  TCO,  from  5— 
22  July  1975  and  O-  from  7-22  July  at 
station  1  are  shown  in  Fig.  3.  0,  data  be¬ 
fore  7  July  are  not  available.  The  saiinitv 
shows  a  maximum  -dS.S'tri  over  the  pe¬ 
riod  from  9-15  Julv  This  is  similar  to  the 
changes  found  by  Takahashi  et  ai.  1977 
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m  nearby  Saanich  Inlet  and  is  probabiv 
the  result  of  upweiiing  of  deep  water. 
Since  the  mixing  of  up  welled  deep  water 
and  surface  w»ater  causes  conservative 
changes  in  O-  and  TCO?  that  obscure  the 
nonconservative  changes  in  which  we 
are  interested,  ail  of  the  data  were  nor¬ 
malized  to  a  constant  saiimtv  of  26.3'ic. 
The  normalization  procedure,  discussed 
below,  takes  into  account  the  effect  of  the 
TA,  TCCK,  and  0-  concentrations  of  the 
freshwater. 

We  have  assumed,  as  discussed  earlier, 
that  the  low  salinity  of  the  surface  water 
in  Stuart  Channel  is  maintained  by  runoff 
from  the  Fraser  River.  The  TA  and  TCO- 
of  the  Fraser  River  are  about  0.73 
meq- liter"1  during  summer,  although 
variations  are  large  (Watdichuk  et  ai. 
1963a).  The  saiimty  is  zero  and  the  oxy¬ 
gen  concentration  is  within  a  few  percent 
of  equilibrium  with  the  atmosphere.  The 
data  were  therefore  normalized  with  the 
following  equations: 

TA"  -  [TA  -  (S/26.8  -  1)0.731 

■26.8/S,  1 14) 

TCO/  -  [TCOj  -  iS/26.8  -  1)0.75] 

■26.3/S,  15) 


and 

0:’  =  [0;  -  S/26.3  -  1:0s*! 

26.3/S.  16 

0/  is  the  equilibrium  concentration  of 
in  freshwater  having  the  same  tem¬ 
perature  as  the  seawater  in  which  the 
measurements  were  made.  The  second 
‘erm  in  each  equation  removes  the  con¬ 
tribution  of  the  river  water  to  each  quan¬ 
tity. 

The  normalized  values  TA",  TCO/. 
and  0/  have  been  substituted  into  Eq. 
13  to  calculate  the  change  in  0:  concen¬ 
tration  due  to  atmospheric  exchange  be¬ 
tween  each  pair  of  measurements.  The 
value  of  Q  in  Eq.  13  was  calculated  from 
Eq.  11  by  using  the  actual  concentrations 
of  0-  and  CO-  measured  in  the  water  col¬ 
umn.  as  the  gas  exchange  was  deter¬ 
mined  by  in  situ  conditions  and  not  'he 
normalized  vaiu  s.  The  quantities  AO/. 
ATCO/.  ATCO/.  and  ATCO/  were  then 
calculated  for  eavh  successive  pair  of  ob¬ 
servations.  The  total  changes  m  each 
component  of  Eq.  1  and  2  since  '  July 
were  obtained  by  summing  ai!  the 
changes  between  successive  observa¬ 
tions.  When  we  henceforth  refer  to  any 
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Fit-  4  T  stui  thange  •>»  Q."  ri.-l.ime  ‘o  *  ,'uiv 
■iTS  plotted  igjinst  ;:m<r  solid  line  -s  regression 
;u.i(iun  he  :o  >iatx 


?'1  t  T'%.  'or  "CO*1  F'.rsc  :our  -aca. 

points  nave  oesn  ttciuCM  :rc-m  -egression  :‘or  rea¬ 
sons  iiscusi«<l  in  text. 


quantity  C.Y .  now  we  will  mean  'he  total 
change  in  that  quantitv  relative  to  7  juiv 
The  v  aiues  ot\lO-’.  -O  .'  dTCCV  and 
.iTCO.’  -ire  plotted  against  -he  date  -n 
juiv  in  Fit's.  4  througn  7.  Clear  svstem- 
.tric  trends  m  ail  .<  these  plots  indicate 
that  there  have  oeen  systematic  increases 
in  the  amount  of  partic.iiate  organic  car¬ 
bon  1  POO  in  bcuarr  Channel  -ind  tnat 
there  have  been  net  duxes  ot  CO;  and  0; 
across  the  air-sea  interface. 

Linear  regression  equations  were  nt  to 
the  data  to  quantify  their  trends  Taoie 
1).  The  slopes  of  each  equation  giv®.the 
rate  of  change  m  each  quantity.  The  data 
for  dTCO;  are  independent  of  time,  in¬ 
dicating  that  there  was  no  detectable  pre¬ 
cipitation  or  solution  ot  CaCO> 

The  data  from  station  2  were  indistin¬ 


guishable  from  the  data  obtained  at  the 
snore  station.  U  e  have,  therefore,  as¬ 
sumed  that  the  data  from  station  1  are 
-epresentative  ot  concentrations  :n  the 
enannei. 

Discussion 

3ioiog:cai  production  and  seasonal 
heating  are  the  master  variables  control¬ 
ling  the  cycling  of  O.  and  C0;  in  the  sur¬ 
face  :ave.’  of  the  ocean.  The  production 
and  consumption  of  Oz  and  C0;  bv  the 
phvtopiunkton  generate  the  gradients 
that  drive  the  exchange  of  these  gases 
between  the  ocean  and  the  atmosphere. 
Large  temperature  changes  dunng  spnng 
and  fall  will  change  the  equilibrium  soi- 
ubiiitv  of  0-  and  C0;  and  also  cause  ex¬ 
change  of  these  gases  between  the  at- 
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Fig.  3.  As  Fig.  4.  lor  0,’ 
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mosphere  ana  the  sea.  However,  during 
our  sruav  :he  temperature  changed,  in 
general.  <3°C  and  heating  of  the  surface 
waters  therefore  piaved  a  minor  role. 
Thus,  the  magnitudes  and  even  the  signs 
of  the  changes  :n  G-  and  CO;  due  to  ex¬ 
change  depended  primarily  on  the  net 
amount  of  primary  production. 

The  amount  of  primar-’  production  is. 
in  turn,  dependent  on  tne  nutrient  con¬ 
centrations  and  light  intensity.  The  factor 
most  iikeiv  to  limit  biological  production 
during  summer  is  nutrient  avaiiabtiitv  In 
Saanich  Inlet,  periodic  blooms  of  phyto¬ 
plankton  occur  during  summer  Taku- 
hasni  et  al.  1977'.  induced  pv  ’towelling 
of  deep  water  high  in  nutrients. 

The  sharp  increase  in  salinity  at  the 
beginning  of  our  study  implies  .in  ap- 
welling  event  which  was  probabiy  ‘he 
cause  of  a  similar  phvtoplunkton  bloom 
in  Stuart  Channel.  The  surface  water  was 
initially  supersaturated  with  CO;,  indi¬ 
cating  either  that  consumption  of  panic¬ 
ulate  organic  matter  had  been  exceeding 
production  before  the  input  of  nutrients 
or  that  a  temperature  increase  in  the  sur¬ 
face  water  had  lowered  the  equilibrium 
solubility  of  CO:.  However,  the  surface 
waters  became  undersaturated  in  CO;  on 
the  third  day  after  the  salinity  increase. 
Evidently,  primary  production  had  in¬ 
creased  in  response  to  the  eiev  ited  nu¬ 
trient  concentrations  caused  by  the  lip- 
welling.  During  the  initial  period  in 
which  CO«  was  supersaturated,  the  nux 
of  CO;  was  from  the  ocean  to  the  atmo¬ 
sphere  Fig.  5).  However,  after  the  in¬ 
crease  in  biological  production  the  CO; 
became  undersaturated  and  the  flux  of 


CO;  across  me  ;<a  surface  -vis  reversed 
’A  e  nave  m.erefore  exciuced  'he  nrs’ 
four  points,  ootamed  w neo  tne  .cater  was 
supersaturated,  from  me  regression  or  tne 
••ota.  change  in  ATCO;’  against  time 
There  was  no  analogous  reversal  m  tne 
direction  of  the  0;  Hux  because  of  its  ■■  en 
high  level  m  >upe:sacuraticn 

Although  we  would  pernaps  be  'astt- 
r.ed  in  excluding  the  first  four  data  points 
from  the  other  regression  equations  we 
have  not  done  so  N'o  sicmncant  mange 
m  the  slopes  is  found  ::  tnese  points  are 
excluded,  but  the  coerr.cienr  et  determi¬ 
nation  H1'  increases  ibghtis 

The  regression  lines  through  me  piots 
of  AO-A  and  ATCO;’  versus  nme  nave 
slopes  of  14.1  =  2.7  amci  0;  liter' 
and  — 10. S  =  2.1  _moi  TCO;  liter” 
Taoie  I'.  These  slopes  ccrresporc  -o  me 
rates  at  which  0 -  was  produced  and 
TCO;  was  removed  in  Stuart  Channel 
due  to  biological  acrtvirv  during  me  oe- 
noG  of  our  stud-.  The  'ate  of  mange  of 
TCO;  is  equai  to  me  net  primar-  produc¬ 
tion  minus  inv  CO;  regenerated  .n  me 
surtace  'aver  ijv  noopiunxron  gm.2:ng  or 
microbi.u  decomposition  >t  organic  -n.it- 
ter. 

AO.-1  ma  ATCO  A  vou.ii  ordir.nnlv  we 
expected  no  roiiow  <ome  exponenti.-.l 
growth  curve:  now  eve-,  over  “he  pe-.ca 
we  hav  e  studied,  the  linear  r.t  to  me  data 
is  adequate,  within  me  precision  n  me 
measurements  The  scnrter  '.ioout  me  line 
is  pmnaniv  due  to  an.uvncai  error  and 
patchiness,  but  mere  wul  certainly  be 
some  effect  of  diurnal  variations  in  pri¬ 
mary  production,  changes  in  light  inten¬ 
sity  due  *o  variations  in  cioud  .over,  and 
changing  nutrient  concentrations  ana 
plankton  population  size. 

The  rate  ot  change  m  TCO*  due  \o  bi¬ 
ological  uptake  ‘hat  we  found  compares 
well  with  other  measurements  mace  near 
this  area.  Takan.ishi  et  ii.  197“'  mea¬ 
sured  the  amount  of  carbon  ,n  pnvtn- 
pianktnn  ceils  in  Saanich  inter  as  a  :unc- 
tion  ot  time;  we  calculated  item  ‘heir 
data  an  increase  of  15.4  nmol  C  liter”  d* 
during  the  bioom  thev  labei  No  S  juiv 
1973'.  This  change  in  POC  corresponas 
to  a  biological  uptake  rate  of  -  .5.4  cmoi 
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'CO;  liter-1  -d”1 — a  result  close  to  ours, 
leasureinencs  of  primary  production  bv 
:ie  *C  method  in  Saanich  Inlet  aiso  yield 
rsults  that  support  our  conclusions  Ful- 
n  et  al.  1969). 

The  slope  of  ATCO;'  versus  time  ae- 
rmined  from  the  regression  equation  in 
.ble  1  is  0.49  -  0.0-1  amoi  TCO;-  li- 
t”-d*'.  If  the  depth  of  the  mixed  laser 
.  i  is  10  s  2  in.  then  the  dux  of  CO.  gas 
.ross  the  sea  surface  is  0.49  -  0.14  u.moi 
O;  crn”-d"’'  The  increased  error  re¬ 
vets  the  uncertainty  in  *«.;  The  average 
fference  between  the  concentration  of 
O;  in  the  surtace  laser  svhicn  svouid 
.ase  been  at  equilibrium  with  the  xc- 
iospnere  and  the  actual  concentration 
is  13  umol  CO;  liter*1,  assuming  an  ac- 
•  .spheric  CO-.  partial  pressure  of  3-30  < 
•'“*  atm.  This  quantity  can  be  combined 
■  ith  the  dux  to  dnei  the  piston  velocity 
-r  the  exchange  of  CO;  m  Stuart 
'.iutnnei; 

r.-n,  »  0.-,vs  =  2.2  x  lO'-’cm  s”.  ilT 

lie  average  value  found  by  8 meeker 
.id  Peng  v  19T4;  '.or  the  worid  ocean  is 
V7  x  10'1  cm  ■>”.  A  value  identical  svith 
ars  was  obtained  .luring  summer  near 
Barbados  iBroecXer  and  Peng  1971). 

The  average  thickness  of  the  laminar 
surface  dim  in  Stuart  Channel  was  66  a. 
Ornecker  and  Peng  .  L971)  found  :  =  63 
a  in  summer  by  means  ot  radon  measure¬ 
ments  in  the  Atlantic.  A  diil'uston  coeffi- 
:ent  of  1.4.5  x  10*'  airs'1  was  used  to 
calculate  our  value  Broevker  and  Peng 
1974). 

We  calculated  the  dux  of  0:  across  the 
>ea  surface  to  be  -4.3  -  1  9  umol 
O;  cm*-- d"  using  the  results  in  Table  1 
and  h  *  10  in.  The  average  difference 
between  the  equilibrium  concentration 
and  the  m  situ  concentration  of  O;  in  the 
surface  layer  was  -73  umol  O.  liter” 
These  values  vieid  a  oi.ston  velocity  tor 
Q.  of  1.6  .<  IO”  cin-s”  lledfield  .  1993) 
found  a  piston  veiucirv  of  4  <  L0*‘c:ivs” 
during  summer  in  the  Cult  of  Maine.  Px  t- 
kowiez 1  1964)  Sound  «  5  <  l0"‘cm  s*1 
>tf  the  coast  ot  Oregon.  These  values  are 
in  good  agreement  considering  the  J:i- 


terent  conditions  m  the  various  studv 
areas . 

Our  results  connrm  the  assumption  of 
Smith  -1373)  that  cnanges  m  the  TCO; 
content  of  the  ocean  on  a  daily  basis  are 
primarily  due  to  biological  production  : n 
areas  of  high  productivity  The  average 
value  of  ATCO-*  was  oniv  4.3~s  of 
ATCO.’  This  is  not  the  case  for  0-„  how¬ 
ever.  The  magnitude  of  the  average  daily 
change  in  AO.1  was  7C Fc  of  that  of  _C-.’. 
The  du.x  ot  O;  trom  the  ocean  to  the  at¬ 
mosphere  was  important  m  maintaining 
the  observed  Q.  concentrations  on  a  daiiv 
basis  m  Stuart  Channei. 

As  we  notea  earner,  there  was  no  ie- 
tectaoie  CaCO-,  precipitation  in  Stuart 
Channel  during  our  studv.  Examination 
of  the  caicium  carbonate  budget  mea¬ 
sured  ov  Smith  1.372!  off  the  California 
coast  indicates  that  a  maximum  limit  on 
the  net  CaCO-  removal  rate  wou.c  oe 
-L.i  umol  TCO.  liter”  d”.  assuming 
that  ili  CaCO;  is  removed  from  the  10-n- 
thick  surface  ’aver.  The  uncertain  tv  in 
our  results  is  of  the  same  order  ot  mag¬ 
nitude. 

Although  ,t  was  not  possible  to  assess 
accurately  the  rate  at  which  CaCO;  was 
being  deposited  in  the  sediments,  .in  im¬ 
provement  of  an  order  ot  magnitude  .n 
the  precision  ot  the  measurement  of  titra¬ 
tion  aikaiimtv  would  allow  a  much  more 
accurate  determination  of  the  CaCO;  re¬ 
moval  rate  from  the  surface  layer  of  me 
ocean.  Most  of  this  improvement  can  oe 
achieved  bv  sitnplv  using  a  pH  meter 
more  accurate  than  ours  Johnson  ec  ai. 
1977). 
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Acoustical  estimation  ot  zooplankton  populations1 

Charles  F.  Greenlaw * 

School  ot  Oceanographv,  Oregon  State  L'mversitv,  Corvallis  9733 1 
Abstract 

Acoustical  estimates  ot  zoopiaruccon  loundance  :an  be  made  ngorousiv  :!  die  scattering 
behavior  as  a  function  of  size  and  .-reqnency  :or  the  zoopiankters  s  Known.  Measurements  or 
scattering  at  a  single  frequency  can  be  used  to  estimate  abundance  t  die  mean  zoopunKter 
size  is  known.  Measurements  at  two  frequencies  can  be  used  to  estimate  die  dominant  size 
as  well  as  abundance  it  a  single  size  zoopianKter  dominates  die  acoustical  scattering  Mea¬ 
surements  at  several  frequencies  can  be  used  to  esamate  size  distnnutions  and  abundances. 
In  a  field  experiment,  acoustical  scattering  was  measured  at  three  frequencies  for  zoopianKton 
layers  composed  largely  of  euphausnds  ifor  wmch  an  approximate  scattering  rnodei  is  known  i 
These  data  are  anaivzed  by  each  method  and  estimates  of  numerical  aoundance  given. 


Estimates  of  zooplankton  abundances 
are  routinely  obtained  by  counting  sub- 
samples  of  specimens  caught  with  nets  or 
pumps.  The  process  is  tedious  and  time 
consuming,  although  it  can  provide  de¬ 
tailed  descriptions  of  species  and  devel¬ 
opmental  stages,  and  resuits  are  not  gen¬ 
erally  available  for  several  months  alter 
the  original  collection.  Moreover,  con¬ 
ventional  sampling  methods  suffer  from 
many  well  known  problems,  including 
problems  with  the  sampling  devices 
themselves,  such  as  avoidance  and  clog¬ 
ging  in  nets,  and  problems  associated 
with  the  nature  of  sequential  samples. 
Some  of  the  latter  concerns  have  been 
reviewed  by  Kelley  !  1976’>,  particularly 
the  effects  of  discrete  sampling  at  spatial 
and  temporal  intervals  larger  than  the 
scales  of  variability  of  the  zooplankton 
populations. 

It  has  been  possible  for  many  years  to 
ameliorate  some  of  the  problems  of  dis¬ 
crete  sampling  by  using  echosounders  to 
direct  the  sampling  at  a  particular  station. 
Echograms  have  been  used  to  estimate 
large-scale  horizontal  extents  Barra- 
clough  et  al.  1969)  and  small-scale  verti¬ 
cal  extents  N’orthcote  1964,  McNaught 
1963'  of  zooplankton  and  to  determine 
depths  at  which  to  take  conventional 
samples  of  the  organisms.  The  virtues  of 
echosounder  records  are  the  speed  of 
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areal  coverage  ana  the  real-time  data  pre¬ 
sentation  of  the  echogram.  The  draw¬ 
backs  are  many,  including  the  difficulty 
of  interpreting  the  echogram  and  the  fre¬ 
quent  inability  to  distinguish  even  broad 
classes  of  organisms.  Many  echosounders 
are  poorly  suited  for  detecting  zooplank¬ 
ton.  Perhaps  the  most  significant  draw¬ 
back.  from  a  biological  standpoint,  is  that 
acoustical  sampling  vieltis  no  specimens 
of  the  organisms. 

Despite  these  disadvantages,  the  speed 
of  acoustical  sampling  and  the  potential 
for  obtaining  nigh-resolution,  synoptic 
data  over  large  areas  has  encouraged  re¬ 
search  into  methods  for  getting  quanti¬ 
tative  estimates  of  zooplankton  popula¬ 
tions  from  acoustical  measurements. 
McNaught  1968.  1969  >  discussed  meth¬ 
ods  for  estimating  biomass  of  freshwater 
zooplankton  from  echograms  bv  an  em¬ 
pirical  calibration  process.  Assuming  a 
particular  acoustical  scattering  modei  ap¬ 
plied  to  cladocerans.  copepods.  and  my- 
sids.  he  also  showed  that  echosounders 
were  "size-selective’’  samplers  according 
to  their  operating  frequency  Developing 
this  idea,  he  proposed  a  multifrequency 
echosounder  to  estimate  biomass  in  sev¬ 
eral  size  ranges  and  used  such  a  device 
to  estimate  biomass  in  Lake  Ontario 
McNaught  et  ii.  1975 V  The  reported 
acoustical  estimates  if  biomass  were  one 
or  two  orders  of  magnitude  above  histor¬ 
ical  measures,  but  these  discrepancies 
mav  partially  be  due  to  calibration  errors 
McNaught  pers.  comm.,. 
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Since  this  empirical  conversion  from 
acoustical  measurements  to  biomass  re¬ 
lies  on  regression  relationships  between 
acoustical  data  and  biomass  horn  simul¬ 
taneous  net  samples,  the  acoustical  esti¬ 
mates  contain  all  of  the  errors  and  biases 
of  the  net  data.  In  principle,  the  acousti¬ 
cal  estimates  can  be  no  better  than  equiv¬ 
alent  net  samples,  tn  practice,  the  acous¬ 
tical  estimates  are  probably  much  less 
accurate.  In  addition,  empirical  calibra¬ 
tions  from  one  particular  population  of 
zooplankton  probably  do  not  apply  to 
other  populations  where  the  size  and 
species  distributions  are  different. 

Recent  work  has  produced  a  more  rig¬ 
orous  approach  to  quantitative  acoustical 
sampling.  Greenlaw  .,19771  measured 
scattering  strengths  of  individual,  pre¬ 
served  zooplankters  over  a  range  of  fre¬ 
quencies.  A  simple  scattering  model 
Johnson  1977a)  was  a  good  approxima¬ 
tion  for  euphausiids  and  sergestid  shnmp 
ibut  not  for  copepods,  which  exhibited  a 
distinctive  scattering  behavior?.  Johnson 
.  1977b)  developed  a  least-squares  meth¬ 
od  for  estimating  abundances  and  size 
distributions  of  scatterers  .  for  which  a 
scattering  model  is  known)  from  acous¬ 
tical  measurements  at  several  frequen¬ 
cies  and  applied  this  to  measurements  ot 
the  deep  scattering  layer. 

Recendv  I  was  able  to  collect  acousti¬ 
cal  scattering  data  at  three  frequencies  on 
a  zooplankton  layer  known  to  consist 
largely  of  euphausiids.  These  data  and 
the  euphausiid  scattering  model  have 
been  used  to  produce  estimates  of  abun¬ 
dances  and  size  distributions  as  functions 
of  depth.  Only  two  sets  of  data,  day  and 
night  records  for  a  single  station,  are  pre¬ 
sented  here.  These  records  were  chosen 
because  they  were  made  on  the  same  day 
at  the  same  station,  whereas  the  remain¬ 
ing  records  came  from  widely  separated 
stations,  or  longer  time  intervals,  or  both. 
There  are  few  confirmatory  data  on  the 
abundance  estimates,  so  these  results 
must  be  considered  preliminary.  The 
agreement  between  acoustical  estimates 
and  the  available  net  data  is  quite  good 
however,  especially  for  the  small  number 
of  frequencies  used. 


The  basic  least-squares-estimation 
computer  program  was  written  by  R.  K. 
Johnson.  D.  Standiey  produced  the 
three-dimensional  plots.  Sizes  of  euphau¬ 
siids  were  measured  by  W.  G.  Pearcy  and 
L.  Marx.  I  thank  J.  L.  Laroche  for  com¬ 
ments  during  the  preparation  of  this 
manuscript. 

Volume  scattering 

The  estimation  methods  I  used  are 
based  on  quantitative  measurements  of 
volume  scattering  sf.ength.  This  measure 
is  defined  by 

S„  =  10  log(/,/Z,) 

where  l,  is  the  scattered  intensity  from 
a  unit  volume  containing  scatterers,  mea¬ 
sured  at  1  m  from  the  volume.  U  :s  the 
intensity  incident  on  the  volume,  and  S, 
is  the  volume  scattering  strength  in  deci¬ 
bels  ■  dB).  S,  is  obtained  from  measured 
echo  voltages  at  the  echosounder  receiv¬ 
er  by  use  of  the  sonar  equation  Unck 
19751.  This  equation  has  corrections  for 
acoustical  calibrations  of  the  echosound¬ 
er  and  the  directional  characteristics  of 
the  transducer,  and  it  accounts  for  the 
range-dependent  iosses  due  to  spreading 
and  absorption. 

A  measure  related  to  5..  is  the  volume 
backscattering  cross-section.  <r„.  This  is  a 
linear  measure  of  relative  scattered  in¬ 
tensity  for  a  unit  volume  and  can  be 
found  from  5,  by 

5,  -  10  logtoy  4ir' 

The  units  of  o>  are  m!.  The  fundamental 
assumption  of  volume  scattering  is  that 
the  total  scattered  intensity  from  a  vol¬ 
ume  containing  a  random  distribution  of 
scatterers  is,  on  average,  equal  to  the  sum 
of  the  scattered  intensities  from  each  in¬ 
dividual.  The  relative  scattered  intensity 
from  an  individual  can  be  expressed  as  a 
backscattering  cross-section.  v.  thus  the 
volume  backscattering  cross-section  of  a 
particular  unit  volume  is.  on  average, 
equal  to  the  sum  of  the  individual  back- 
scattering  cross-sections  of  the  scatterers 
contained  in  that  unit  volume. 
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Scattering  model 

Greenlaw  1 19771  found  that  the  scatter¬ 
ing  behavior  of  individual,  preserved  eu- 
phausiids  and  sergestid  shrimp  was  well 
approximated  by  a  fluid  sphere  scatter¬ 
ing  model  Johnson  1977a)  for  dorsal, 
ventral,  and  side  aspects.  Scattering 
strengths  at  anterior  aspect  were  signifi¬ 
cantly  lower  and  it  was  suggested  that  a 
more  complex  model  would  have  to  be 
developed  to  account  for  this  directional 
scattering  response.  I  assume  here  that 
the  Johnson  model  is  accurate  for  eu- 
phausiids  and  treat  the  effect  of  direc¬ 
tionality  as  a  source  of  error. 

The  scattering  model  is  a  simplified 
version  of  a  fluid  sphere  model  devel¬ 
oped  by  Anderson  .  1950)  It  has  four  pa¬ 
rameters:  a,  the  radius  of  the  sphere;  g, 
the  ratio  of  the  density  of  the  sphere  to 
the  density  of  the  surrounding  medium; 
h,  the  ratio  of  sound  speeds;  and  /,  the 
frequency  of  the  incident  sound  field. 
The  equation  is  (Johnson  1977a ;  Green¬ 
law  1977;  typographical  errors  in  these 
references  are  corrected  here) 


triva1  * 


1  - 
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where  <r  is  the  acoustical  backscattering 
cross-section  and  k  is  the  wave  number, 
k  =  Irrflc  (c  is  the  speed  of  sound  in  the 
medium). 

This  scattering  model  is  a  function  of 
both  frequency  and  scatterer  radius.  The 
functional  dependence  of  backscattering 
cross-section  on  each  of  these  variables 
separately  is  different,  as  is  evident  in 
Fig.  1.  The  upper  curves  in  the  figure 
show  the  variation  of  <r  with  frequency 
for  two  sizes  of  euphausiid.  the  lower 
curves  display  the  behavior  of  cr  with  ra¬ 
dius  for  two  choices  of  frequency.  In  both 
cases,  the  density  and  sound  speed  con¬ 
trasts  are  assumed  to  be  g  *  1.044  and 
h  ■  1.010.  The  regression  relation  be¬ 
tween  euphausiid  total  length,  L  ;mm), 
and  radius  (Greenlaw  1977) 


a  =•  0.095  -  0  134L  2) 

is  used  in  the  upper  curves. 

The  upper  curves  of  Fig.  1  show  the 
effect  of  frequency  on  cr  for  euphausiids 
7  and  22  mm  long.  Clearly,  the  larger  eu¬ 
phausiid  is  the  stronger  scatterer;  how¬ 
ever  the  shape  of  the  scattering  curve  for 
each  size  is  constant.  Changing  the  value 
of  the  scatterer  radius  moves  the  curve  in 
both  level  and  frequency,  but  the  shape 
is  invariant.  Moreover,  this  curve  has  dis¬ 
tinct  regions  (in  frequency)  where  the 
functional  relation  between  cr  and  fre¬ 
quency  is  approximately  constant.  At  low 
frequencies  'the  Rayleigh  region;  the 
backscattering  cross-section  is  propor¬ 
tional  to  the  fourth  power  of  frequency, 
whereas  at  high  frequencies  the  geo¬ 
metric-optics  region;  cr  is  essentially  con¬ 
stant.  At  intermediate  frequencies  the 
resonance  region)  the  backscattering 
cross-section  is  a  constantly  varying  func¬ 
tion  of  frequency.  The  location  of  these 
regions  in  frequency  depends  on  the 
scatterer  radius,  but  the  regions  exist  for 
ail  choices  of  radius. 

The  lower  curves  of  Fig.  I  illustrate  the 
size  dependence  of  cr  for  two  choices  of 
echosounder  frequency,  100  and  200 
kHz.  Again,  larger  euphausiids  are 
stronger  scatterers;  for  them  the  scatter¬ 
ing  strength  is  essentially  independent  of 
frequency  i radii  >3  or  4  mm;.  The  ratio 
of  the  scattering  strengths  at  the  two  fre¬ 
quencies  increases  as  the  size  decreases, 
however.  This  behavior  suggests  that  the 
frequency  dependence  of  the  scattering 
could  be  used  to  discriminate  sizes  of  the 
scatterers — at  least  for  scatterers  below 
some  particular  threshold  radius.  It  is  not 
obvious  from  the  figure,  but  a  lower  size 
threshold  exists  also.  At  very  high  fre¬ 
quencies.  the  ratio  of  scattering  strengths 
for  different  radii  is  equal  to  the  square 
of  the  ratio  of  the  radii.  This  is  the  region 
in  the  lower  panel  where  the  two  curves 
merge.  At  very  low  frequencies,  the  ratio 
of  the  scattering  strengths  is  proportional 
to  the  sixth  power  of  the  ratio  of  the  radii. 
In  both  regions,  ratios  are  independent 
of  frequency.  In  the  frequency  span 
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where  the  resonance  regions  tor  the  sizes 
involved  overlap,  however,  the  ratio  of 
scattering  strengths  is  a  function  of  both 
the  sizes  and  the  frequencies  and  it  is 
this  region  which  a  multifrequency  echo- 
sounder  can  exploit. 

The  curves  in  the  lower  panel  of  Fig. 

1  demonstrate  the  size  selectivity  of  an 
echosounder  according  to  the  operating 
frequency  that  was  suggested  by  Mc- 
Naught  (19681.  For  a  given  threshold  of 
detectable  scattering  strength,  the  use  of 
a  higher  frequency  will  allow  detection 
of  smaller  scatterers.  For  example,  at  a 
detection  threshold  corresponding  to  a  a 
10_,,m-,  a  100-kHz  echosounder  would  be 
“sensitive”  to  scatterers  larger  than  about 

2  mm  in  radius  but  a  200-kHz  echosound¬ 
er  would  be  equally  “sensitive'’  to  scat¬ 
terers  as  small  as  1  mm.  In  general,  de¬ 
tection  of  very  small  scatterers  requires 
very  high  frequencies. 

The  backscattenng  cross-sections  pre¬ 
dicted  for  euphausiids  are  extremely 
small,  even  at  high  frequencies.  The  pre¬ 
dicted  value  of  cr  of  a  22-mm  euphausiid 
at  100  kHz  is  about  10~r  mJ  whereas  the 
backscattenng  cross-section  for  a  non- 
swimbladder  fish  of  the  same  size,  in  dor¬ 
sal  aspect,  is  about  2.6- 10-’  m  at  the  same 
frequency  i  Love  I9T7).  The  scattered  in¬ 
tensity  from  this  small  fish  is  about  260 
times  that  from  a  single  euphausiid. 
Equivalendv,  the  volume  scattering  from 
a  region  containing  one  22-mm  fish  is 
equal  to  the  volume  scatter¬ 
ing  from  the  same  size  region  contain¬ 
ing  about  260  euphausiids  of  the  same 
length.  Since  the  scattered  intensities 
from  fishes  are  much  larger  than  those 
from  euphausiids,  detection  and  estima¬ 
tion  of  euphausiids  in  the  presence  of 
fish  may  be  difficult. 

Estimation  methods 

The  strength  of  the  volume  scattering 
produced  by  a  population  of  zooplankters 
is  a  function  of  the  concentration  of  the 
zooplankters,  the  distribution  of  sizes, 
and  the  echosounder  frequency.  The  size 
distribution  and  frequency  affect  the 
scattering  strength  predictably  if  the 


ri?.  t.  Predicted  backscacterin?  cross-secnons 
for  a  euphausiid  vs.  frequency  for  two  sizes  it  <*u- 
phausud  upper)  and  vs.  size  of  euphausiid  for  two 
frequencies  lower).  Parameters  i  and  k  are  esti¬ 
mated  median  in  situ  values. 


scattering  model  for  the  zooplankter  is 
known  and  the  scattering  strength  is  di¬ 
rectly  proportional  to  concentration.  We 
can  use  these  relationships  in  several 
ways  to  obtain  estimates  of  the  popula¬ 
tion  abundance.  The  three  estimation 
methods  described  below  differ  in  the 
number  of  frequencies  at  which  measure¬ 
ments  are  required,  but  each  assumes 
that  the  scattering  model  for  the  zoo¬ 
plankter  is  known.  The  methods  are  gen¬ 
eral  in  the  sense  that  any  scattering  mod¬ 
el  (with  a  distinctive  resonance  region) 
can  be  assumed.  For  purposes  of  illustra¬ 
tion,  I  will  use  the  euphausiid  scattering 
model. 

Single-frequency  methods — We  as¬ 
sume  that  a  single  size  class  dominates 
the  acoustical  scattering  and  that  this  size 
is  known  i a„).  Since  the  volume  back- 
scattering  cross-section  is  assumed  equal, 
on  average,  to  the  sum  of  the  individual 
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backscattering  cross-sections,  we  have 
the  relation 

z))  »•  S{z)cnf.  aj  y3) 

for  measurements  at  frequency  /  and 
depth  z,  where  N(z)  is  numerical  abun¬ 
dance-  m'3.  The  symbol  <•>  is  used  to 
denote  mean-square  average  values.  Giv¬ 
en  measurements  of  tc»)  and  estimates 
for  cr,  Eq.  3  can  be  solved  for  the  numer¬ 
ical  abundance  profile,  .Viz).  In  principle, 
measurements  at  any  frequency  can  be 
used  to  estimate  .Viz). 

The  assumption  of  a  single  size  class  is 
quite  restrictive.  Under  certain  circum¬ 
stances,  however,  this  single-frequency 
estimation  method  can  be  extended  to 
populations  of  many  sizes.  Suppose  the 
size  distribution  of  a  population  is  known 
ie.g.  from  net  samples)  and  it  can  be  as¬ 
sumed  that  this  size  distribution  is  rep¬ 
resentative  of  tne  population  over  the  en¬ 
tire  area  of  acoustical  measurements.  If 
F,  is  the  fraction  of  zooplankters  of  size 
a,,  then  we  can  write  the  analogous  equa¬ 
tion  to  Eq.  3 

■  crv[f,  z)>  »  .Viz)  V  F,<n/,  a,). 

t 

The  frequency  is  constant  and  the  size 
distribution  is  known,  so  the  summation 
can  be  evaluated  by  using  the  fractional 
abundances  and  the  scattering  model  to 
obtain  an  effective  backscattering  cross- 
section,  &(/,  d).  The  numerical  abun¬ 
dances  can  be  calculated  from 

<<r,(/,z)>  -.V(z)<ri/,d).  i4) 

If  scattering  model  1  is  applicable,  we 
can  explicitly  write  <j  as 

.  „  2( kai)*  _ , 

^’fl)aKrF,IW,,‘ 

where  K  includes  the  constant  terms  of 
Eq.  1.  We  see  that  &  is  proportional  to  a 
weighted  sum  of  the  geometric  cross-sec¬ 
tional  areas.  For  high  frequencies  and 
nearly  normal  size  distributions,  the 
weighted  sum  in  Eq.  4  will  approach  the 
square  of  the  mean  radius. 


Two-frequency  method — We  assume 
that  a  single  size  class  dominates  the 
acoustical  scattering  but  that  the  size  is 
not  known  or  may  vary  from  place  to 
place.  If  the  scattering  model  for  the  zoo¬ 
plankters  is  known,  we  may  be  able  to 
estimate  the  dominant  size  and  numeri¬ 
cal  abundance  for  measurements  at  two 
properly  chosen  frequencies. 

Consider  measurements  of  c r„  at  the 
frequencies  fHl  and  If  we  form  the 
ratio  of  the  volume  backscattering  cross- 
sections,  substitute  scattering  model  I. 
and  solve  for  the  radius,  the  result  is 


where  r  =  /Hi/u  and  R  *  v„JHi)/crvJLoj. 
This  expression  can  be  put  in  nondimen- 
sional  form  by  defining  the  geometric 
mean  frequency,  J,  and  rearranging  to 
obtain 


where  £  *  2 rtf'c.  In  this  form  the  right- 
hand  side  is  a  function  of  the  ratio  of  mea¬ 
sured  backscattering  cross-sections  alone, 
with  the  frequency  ratio  a  constant  pa¬ 
rameter.  Since  only  real  values  of  £a  are 
allowed,  the  range  of  plausible  values  for 
R  is  bounded  by  L  <  R  <  r*  The  maxi¬ 
mum  expected  value  of  R  occurs  for  the 
smallest  scatterer  sizes  Rayleigh  region) 
and  the  measured  ratio  approaches  1  for 
large  scatterers  (geometric-optics  region). 
In  the  intermediate  (resonance)  region, 
the  magnitude  of  the  measured  ratio  for 
a  given  £a  is  intermediate  between  the 
bounds  but.  clearly,  will  be  larger  for  in¬ 
creasing  choices  of  the  frequency  ratio. 

Curves  of  £n  versus  the  backscattering 
cross-section  ratio  are  shown  in  Fig.  2  for 
three  choices  of  the  frequency  ratio  r  = 
2I,,1  31'1,  and  4‘-*.  Two  features  deserve 
emphasis:  first,  the  sensitivity  of  the  mea¬ 
surements  to  small  changes  in  size 
(through  £a  1  increases  as  the  frequency 
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ratio  increases  and  the  trend  of  the  curves 
suggests  use  of  the  largest  possible  fre¬ 
quency  ratio  for  better  resolution  of  size. 
It  should  be  noted,  though,  that  the  larger 
intensity  ratios  are  produced  mostly  by 
low  absolute  intensities  at/u.  Hence  the 
precision  of  the  estimate  of  R  decreases 
as  r  increases.  Noise  considerations  will 
probably  limit  r  to  values  <2  or  3.  Sec¬ 
ond,  only  a  limited  range  of  can  be 
resolved  by  these  measurements.  This 
range  depends  on  r,  but  is  about  0.4  « 
s  1.  Thus  the  mean  of  the  frequencies 
must  be  carefully  chosen  according  to  the 
sizes  expected.  Estimates  of  sizes  larger 
or  smaller  than  this  range  will  be  subject 
to  large  errors,  depending  on  the  preci¬ 
sion  of  the  measurements. 

Once  an  estimate  of  the  dominant  size 
is  obtained,  the  measurements  of  cr,  at 
each  frequency  can  be  used  to  estimate 
abundances  from  Eq.  3.  If  we  consider 
that  the  ratio  of  measured  values  is  used 
to  estimate  the  radius,  then  an  appropri¬ 
ate  estimate  of  abundance  might  be  the 
geometric  mean  of  the  two  single-fre¬ 
quency  estimates. 

Multifrequency  method — This  re¬ 
quires  the  minimum  number  of  assump¬ 
tions  about  the  population — it  is  only 
necessary  that  a  scattering  model  with  a 
distinct  resonance  region  apply  to  the 
zooplankters.  Suppose  the  size  distribu¬ 
tion  of  the  scatterers  can  be  adequately 
represented  by  m  size  classes,  at.  At  a 
given  depth,  the  average  abundance  of 
scatterers  of  size  a,  is  .V,  (per  m3).  If  we 
measure  volume  backscattering  cross- 
sections  at  n  frequencies,  the  following 
equations  apply 

<r»i/i)  *  -Vi<ri/„  a,)  +•  .V,<7(/„  a,) 

*••••»•  N’,*a\/"i,  aj 
»  -V tcri/.,  a,)  +■  .V.<r(/,,  a*) 

-1-  •  •  •  -  .V„crt/:>  aj 

-  XiCtifn,  a,)  *  .V;cri/„,  a,)  _ 

■*■•••  -.V„c n/,,a„)  1 3) 

where  a-i/,,  a,)  is  the  backscattering  cross- 
section  at  frequency  f  for  an  individual 


Fig.  2.  Relation  between  mean  nondimensionai 
frequency  •kai  and  ratio  of  measured  volume  back- 
icattenng  cross-sections  at  two  frequencies  for 
three  choices  of  ratio  of  frequencies,  r  Curves  are 
independent  of  density  and  sound  speed  contrasts. 


of  size  au  obtained  from  the  scattering 
model.  These  equations  form  a  linear 
set  with  constant  coefficients  of  crt f,,  a,), 
measured  values  crvJ]),  and  unknowns  .Vf. 
In  matrix  form 

B  =  S,V 

where  B  is  the  vector  with  elements 
oy/,).  S  is  the  n  x  m  scattering  mode! 
matrix  with  elements  crt f ,  a,;.  and  .V  is 
the  vector  of  unknown  abundances  .V,.  In 
general,  the  number  of  frequencies  is  not 
necessarily  equal  to  the  number  of  size 
classes. 

Equation  S  can  be  solved  by  least- 
squares  estimation  methods.  It  is  neces¬ 
sary  to  constrain  S,  to  nonnegative  values 
in  order  that  physically  justifiable  results 
are  obtained,  but  this  does  not  substan¬ 
tially  complicate  the  solutions.  An  algo¬ 
rithm  (NNLS)  for  solving  the  nonnega¬ 
tive  least-squares  problem  has  been 
given  by  Lawson  and  Hanson  >  1974), 
who  also  discussed  general  optimization 
methods  for  the  under-  and  overdeter¬ 
mined  cases.  A  similar  algorithm  has 
been  applied  to  scattering  from  swim- 
bladder  fishes  by  Johnson  il977fr).  The 
Lawson  and  Hansen  algorithm  is  com¬ 
putationally  superior  to  the  constrained 
steepest-descent  method  used  by  John- 
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Fig.  3.  Echogram  showing  typical  daytime  scattering  structure  ,r.  Saamch  Inlet.  August  1977  Echo- 
sounder  frequency,  79  kHz.  Depth  scale  corrected  for  transducer  depth. 


son  (R.  K.  Johnson  pers.  comm.).  I  used 
a  version  of  the  NN'LS  algorithm  here. 

This  estimation  method  is  not  limited 
to  the  use  of  a  single  scattering  model.  In 
principle,  any  number  of  models  can  be 
incorporated  in  Eq.  3  by  adding  terms  of 
the  form  S,aifh  a,)  for  each  additional 
scattering  model.  The  ability  of  the  al¬ 
gorithm  to  separate  scatterers  into  several 
classes  of  scatterer  types  will  depend 
largely  on  how  different  the  scattering 
models  are.  The  inclusion  of  a  scattering 
model  for  Ssh  probably  will  not  reduce 
the  effects  of  this  interference  to  any  use¬ 
ful  extent,  however,  if  the  scattering  con¬ 
tributed  by  the  fish  gTeatly  exceeds  that 
of  the  zooplankton. 

Experimental  results 

Data  collection — Scattering  from  zoo¬ 
plankton  was  measured  during  a  research 
cruise  in  August  1977  to  Saanich  Iniet,  a 


small  fjord  on  the  southeastern  end  of 
Vancouver  Island.  The  inlet  proper  is 
about  18  km  long  and  7  km  wide  at  the 
widest;  its  central  portion  is  >200  m 
deep  and  its  mouth  is  partially  blocked 
by  a  sill  at  7.>m  depth.  Because  of  the 
sill,  an  oxygen-depleted  zone  is  created 
in  the  deep  waters  which  tends  to  com¬ 
press  the  natural  vertical  range  of  the  bio¬ 
ta  (Herlinveaux  1962.  Bary  1966b).  The 
deep  water  oxygen  is  apparently  re¬ 
newed  by  periodic  flushing  over  the  sill, 
probably  annually  in  late  summer  or  ear¬ 
ly  fall  (Anderson  and  Devol  1973). 

Saanich  Inlet  has  an  unusually  abun¬ 
dant  population  of  euphausiids,  princi¬ 
pally  £.  pacifica.  In  the  daytime  the  eu¬ 
phausiids  are  found  in  a  deep  layer  80- 
130  m,  typically)  together  with  amphi- 
pods,  chaetognaths,  and  copepods.  A  sig¬ 
nificant  fraction  of  this  deep  layer  mi¬ 
grates  to  the  surface  at  night.  Day  or 
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night,  the  euphausud  abundances  are 
one  or  two  orders  of  magnitude  greater 
than  typical  open  ocean  concentrations 
(Bary  1966a;  Pieper  1971).  Larger  fishes 
caught  in  the  inlet  include  hake,  dogfish, 
herring,  and  salmon;  smaller  fish  such  as 
mvetophids  and  juveniles  of  many  species 
are  sometimes  found  within  the  zoo¬ 
plankton  layer  during  the  daytime  and 
always  at  the  surface  at  night.  A  typical 
echogram  (Fig.  3)  illustrates  the  main  fea¬ 
tures  of  the  daytime  scattering  structure. 
The  deep  layer  extending  from  80-130  m 
contains  most  of  the  euphausiid  popula¬ 
tion.  The  layer  is  not  uniform  with  depth 
and  appears  to  change  with  time  or 
space — the  ship  was  drifting  during  these 
recordings)  into  a  multilayer  structure. 
Echoes  from  fish  lace  the  deep  layer  in 
this  record;  their  presence  varied  consid¬ 
erably  from  day  to  day  and  at  different 
stations.  The  occasional  ‘blob”  above  the 
layer  is  caused  by  a  large  fish  or  fishes. 
The  thin  layer  at  50  tn  could  contain  zoo¬ 
plankton,  or  fish,  or  both.  The  dark,  hor¬ 
izontal  trace  in  this  layer  is  an  echo  from 
a  sampling  device  in  use  while  these  rec¬ 
ords  were  being  made.  The  scattering 
from  the  surface  to  about  35  m  is  mosdv 
resolvable  as  individuals  and  thus  is 
probably  small  fish.  The  frequency  was 
not  especially  high — 79  kHz. 

Acoustical  scattering  strength  profiles 
were  measured  at  irregular  intervals  from 
13-19  August  whenever  the  ship  was  on 
station  in  the  central  basin.  The  data 
were  collected  with  a  computer-con- 
trolled  research  echosounder  capable  of 
selecting  a  sequence  of  transducers  and 
the  proper  drive  frequencies  and  ampli¬ 
tudes  for  each,  triggering  a  certain  num¬ 
ber  of  pings,  and  digitizing  and  (mean- 
square)  averaging  the  envelopes  of  the 
received  echoes.  A  modified  echogram 
recorder  (Ross)  was  used  to  generate 
transmit  triggers  to  the  computer  and  to 
record  echograms.  The  transducers  were 
mounted  on  a  frame,  with  the  major  re¬ 
sponse  axes  aligned  vertically  downward 
in  the  echosounder  configuration,  sus¬ 
pended  over  the  side  at  about  3-m  depth 
while  collecting  data.  Data  at  several  ffe- 


/Cl'jME  scattering  strength  'as  i 
_ -  90 _ -  60  -  4Q 


Fig.  4.  Depth  profiles  of  volume  scattering 
strength,  $,,  jt  three  frequencies  for  a  daytime  sta¬ 
tion  1 1615  PDT1  u  Saanich  Inlet.  Profile  j.t  103  Icriz 
has  been  offset  - 10  dB  and  profile  at  169  ‘kHz  by 
-20  dB,  for  clan  tv. 


quencies  from  27  to  426  kHz  were  col¬ 
lected  at  most  stations  but.  for  various 
reasons,  only  the  data  at  79.  103,  and  169 
kHz  are  considered  reliable  enough  to 
present  here. 

Typical  profiles  of  daytime  volume 
scattering  strength  are  shown  in  Fig.  4. 
The  deep  layer  is  evident  at  about  50- 
130  m  for  all  three  frequencies,  although 
there  is  a  bump  at  35  m  present  only  at 
the  lower  two.  The  echogram  recorded 
while  these  data  were  being  taken  shows 
that  a  fish  or  small  school  of  fish  drifted 
through  the  insonified  area  during  the 
lower  frequency  measurements  and  was 
gone  when  the  169-kHz  data  were  re¬ 
corded.  Similarly,  the  structure  at  55  m 
appears  to  be  a  fish  or  fish  school  passing 
through  the  insonified  area.  The  scatter¬ 
ing  strengths  peak  at  about  95-100  m  and 
fall  off  above  and  below  this. 

Net  tows  in  the  zooplankton  layer  were 
made  on  three  different  days  with  a  1-m- 
multiple  plankton  sampler,  but  these 
tows  were  not  taken  for  the  purpose  of 
comparison  with  the  acoustical  data.  Two 
net  tows  were  made  through  the  station 
where  most  of  the  acoustical  data  were 
obtained,  but  on  days  when  no  acoustical 
stations  could  be  made.  The  remainder 
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Fig.  3.  Single-frequency  icousacai  estimates  of 
numerical  abundance  tn  deep  zooplankton  layer, 
assuming  ail  scatterers  are  euphausiids  13  mm  long 
( a  *  2.1  mm/  Estimates  at  three  frequencies  pre¬ 
sented  separately  Median  values  of  g  and  n  used 
to  estimate  scattering  cross-sections. 

of  the  net  tows  began  or  ended  at  the 
principal  acoustical  station,  thus  the  deep 
nets  were  fished  up  to  5  km  away  from 
the  acoustical  station.  Moreover,  echo- 
grams  recorded  at  stations  up-  and  down- 
bay  from  the  principal  acoustical  station 
generally  showed  a  different  vertical 
structure — the  deep  layer  beginning  at 
different  depths  and  sometimes  having 
two  or  three  nearly  distinct  layers.  This 
spatial  variation  may  have  been  com¬ 
pounded  by  temporal  influences  as  well, 
for  CDT  data  taken  throughout  the  cruise 
suggest  that  flushing  may  have  been  oc¬ 
curring  during  this  period.  Therefore,  I 
have  made  no  serious  attempt  to  compare 
the  acoustical  estimates  of  abundances 
with  the  net  samples. 

Live  zooplankton  from  several  net 
hauls  were  kept  in  chilled  seawater  for 
measurements  of  density  and  sound 
speed.  Density  and  sound  speed  in  situ 
were  obtained  from  CDT  casts.  The  mea¬ 
surements  on  live  euphausiids  yielded 
mean  values  for  the  density  and  sound 
speed  contrasts  of  g  *  L.044  and  h  = 
1.010.  The  bounds  for  all  measurements 
were  1.037  *  g  <  1.052  and  1.000  «  h  * 
1.020.  Measurement  methods  have  been 


described  elsewhere  Greenlaw  197”'  It 
is  assumed  that  these  estimates  are  in¬ 
dependent  of  temperature,  salinity,  and 
pressure  over  the  ranges  involved. 

Acoustical  estimates — A  subsample  of 
50  euphausiids  from  a  net  tow  at  $5  m 
taken  at  the  acoustical  station  was  mea¬ 
sured;  mean  length  was  15  mm.  If  we  as¬ 
sume  that  the  mean  size  is  a  reasonable 
approximation  to  the  effective  size,  then 
the  single-frequency  method  can  be  used 
to  produce  numerical  abundance  esti¬ 
mates  for  each  of  the  scattering  strength 
profiles  of  Fig.  4.  The  mean  radius  for  a 
length  of  15  mm  is,  from  Eq.  2,  a  **2.1 
mm.  We  assume  mean  values  for  g  and 
h  and  use  Eq.  1  to  calculate  backscatter- 
ing  cross-sections  for  the  mean  individ¬ 
ual  at  each  frequency.  The  estimates  of 
numerical  abundance  are  obtained  from 
Eq.  3. 

Profiles  of  estimated  abundance  at 
each  frequency  are  plotted  in  Fig.  5- 
Only  the  main  layer  is  shown,  as  it  is  the 
major  concentration  during  the  davtime 
The  numerical  estimates  are  m  reason¬ 
able  agreement  over  the  main  portion  of 
the  layer.  The  lower  frequency  estimates 
are  about  a  factor  of  two  less  than  the  es¬ 
timates  at  103  kHz  but  have  essentially 
the  same  shape.  The  estimate  at  169  kHz 
agrees  with  the  data  at  103  kHz  at  the 
peak  of  the  layer,  but  appears  to  have  a 
different  shape.  The  peak  at  36  m  at 
79  kHz  and  103  kHz  is  the  interference 
from  fish,  which  obscures  comparisons  of 
shape  at  the  upper  edge  of  the  layer.  The 
lower  edge  of  the  layer  is  sharper  at  169 
kHz  than  at  the  lower  frequencies;  this 
is  probably  an  artifact  due  to  the  lower 
signal-to-noise  ratio  at  this  frequency 
compared  to  the  other  data.  All  of  these 
estimates  are  plausible. 

The  size  distribution  of  the  euphau¬ 
siids  was  estimated  from  measurements 
on  100  euphausiids  from  the  same  net 
tow  [see  Fig.  9)  and  used  to  calculate  ef¬ 
fective  backscattering  cross-sections  at 
the  three  frequencies  from  Eq.  5;  esti¬ 
mates  of  numerical  abundance  were  ob¬ 
tained  from  Eq.  4.  These  estimates  were 
nearly  identical  with  those  shown  in  Fig. 
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Fig.  6.  Two-frequency  acousocai  esnmates  or  dominant-scacterer  radius  and  abundance  n  daynme 
deep  layer  obtained  from  volume  scattering  measurements  at  T9  and  169  kHz.  Abundances  are  reomemc 
mean  ot  jingle- rrequencv  estimates  at  each  frequency  eaicuiated  using  estimated  radius. 


5.  Apparently,  for  this  distribution  and 
these  frequencies,  mean  size  is  a  good 
estimate  for  effective  size.  This  may 
prove  true  in  practice  for  most  measure¬ 
ments  on  euphausiids. 

Estimates  of  numerical  abundance  and 
dominant  size  were  made  using  the  two- 
frequency  method,  but  with  poor  results. 
Figure  6  shows  the  estimates  obtained 
from  the  data  at  169  kHz  and  T9  kHz  ir  * 
2.14).  The  abundance  estimate,  in  this 
case  the  geometric  mean  of  the  two  esti¬ 
mates  obtained,  is  about  six  times  the  sin¬ 
gle-frequency  estimates.  Over  the  peak 
of  the  layer,  the  estimated  radius  is  only 
1.2  mm  (length  about  8  mm).  Since  the 
single-frequency  estimates  are  consistent 
with  one  another  and  with  the  estimate 
of  the  effective  radius  equal  to  about  2.1 
mm,  these  two-frequency  estimates  can¬ 
not  be  considered  accurate.  The  main 
cause  of  the  discrepancies  probablv  is  the 
distribution  of  sizes  in  the  population.  No 
one  size  actually  dominates  the  scatter¬ 
ing  i  although  an  effective  size  can  be 
used  to  replace  the  distribution  for  abun¬ 


dance  calculations  at  a  single  frequency' 
and  the  differences  in  scattering  at  the 
two  frequencies  is  ‘smeared”  by  this  size 
distribution.  In  addition,  the  calculated 
value  of  ka  is  1.0  for  this  frequency  pair, 
which  is  at  the  limit  of  resolution  for  this 
method.  The  other  possible  frequency 
pairs  are  less  desirable,  one  yielding  r  =» 
1.30  and  the  other  ka  =*  1.2.  Hence  none 
of  the  available  frequency  pairs  are  par¬ 
ticularly  satisfactory  for  two-frequencv 
estimates  of  size  and  abundance  for  this 
population. 

Least-squares  estimation  of  the  size 
abundances  was  conducted  for  seven  ra¬ 
dii  classes,  a  =  0.5,  1 . 3.5  mm  at  all 

three  frequencies.  The  range  of  sizes  was 
determined  in  part  by  the  measured  size 
distribution  of  the  euphausiids.  Fewer  ra¬ 
dii  classes  degraded  resolution  of  the  size 
distribution;  more  radii  classes  did  not 
improve  the  resolution  noticeably.  The 
choice  of  seven  radii  classes  for  data  tak¬ 
en  at  only  three  frequencies  ensures  that 
the  least-squares  problem  is  highly  un¬ 
derdetermined.  Qualitativelv,  we  would 
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Fig.  7  AcousocaJ  asnmates  of  :otai  numerical 
abundance  in  deep  zooplankton  layer  obtained 
from  least-squares  estimation  algorithm  using  ill 
three  frequencies.  Solid  curve  is  estimated  profile 
using  median  values  for  g  and  h\  dashed  curves  are 
abundances  for  extreme  combinations  of  measured 
ranges  of  g  and  n.  Abundance  estimates  from  nets 
fished  near  this  station  on  ocher  days  shown  as 
hatched  boxes.  Historical  estimates  of  peak  abun¬ 
dances  from  3ary  1 1966a)  and  Pieper  i  1971)  shown 
as  bars. 


expect  the  solutions  to  be  ‘mushy”  in  the 
sense  that  many  solutions  exist  that  are 
not  significantly  better  or  worse  than  oth¬ 
ers  according  to  particular  measures.  The 
solutions  chosen  in  this  analysis  are  those 
for  which  the  euclidean  norm  of  the  vec¬ 
tor  .V  and  the  residual  norm,  i|  8  -  A.V  j|  , 
are  jointly  minimum  '.Johnson  pers. 
comm.). 

The  solid  curve  in  Fig.  7  is  a  numerical 
abundance  profile  for  the  daytime  layer 
data  of  Fig.  4  obtained  from  the  least- 
squares  algorithm.  The  abundances  plot¬ 
ted  are  the  sums  of  the  abundances  in 
each  size  class  at  a  particular  depth.  Me¬ 
dian  values  of  the  density  and  sound 
speed  contrasts  were  used  in  the  scatter¬ 
ing  matrix;  the  range  of  numerical  esti¬ 
mates  corresponding  to  the  total  range  of 
measured  values  for  g  and  h  are  also 
shown. 

The  shape  of  the  abundance  profile  is 
nearly  identical  to  the  singie-frequency 
estimate  at  16.9  kHz  /  Fig.  5)  and  the  nu¬ 
merical  estimates  are  similar.  The  inter¬ 


50,- 


Fig.  3.  Comparison  of  acoustically  estimated 
scatterer  size  distribution  soiid)  and  measured  jis- 
tnbuoon  oi  euphausud  lengths  dashedi  from  a  net 
sample.  AcousocaJ  estimate  is  an  average  92- 102 
m;  over  peak  of  daytime  layer.  Net  haul  made  at  30- 
m  depth  over  a  4.5-krn  path  about  }  h  arter  acous- 
Scai  measurements. 


ference  from  fish  Appears  here  as  a  small 
bump  in  the  profile  at  $6  m.  Abundance 
estimates  from  the  two  net  tows  taken 
at  the  acoustical  stations  but  on  differ¬ 
ent  days)  are  shown  at  the  appropriate 
depths.  These  data  compare  well  with 
the  acoustical  estimates,  but  since  they 
do  not  include  the  main  portion  of  the 
zooplankton  layer,  are  insufficient  to  ver¬ 
ify  the  analysis.  Also  shown  are  the 
ranges  of  the  abundance  estimates  ob¬ 
tained  by  Bary  i  1966a)  and  Pieper  197 T 
for  net  tows  in  the  densest  part  of  this 
scattering  layer  with  the  “catcher,”  a 
small  mouth  opening,  high  speed,  open¬ 
ing-closing  net.  The  acoustical  estimates 
are  in  reasonable  agreement  with  these 
historical  catch  data. 

Figure  8  shows  the  percentage  size  dis¬ 
tribution  of  the  acoustical  estimates  and 
the  measured  size  distribution  of  100  eu- 
phausiids  collected  in  a  net  haul.  The 
acoustical  data  are  an  average  over  the 
middle  of  the  layer,  92-102  m.  The  net 
sample  was  obtained  about  2  km  from  the 
acoustical  station  at  a  depth  of  SO  m.  At 
the  time  of  the  tow  1 1900  PDT\  this 
depth  put  the  net  into  the  upper  portion 
of  the  layer.  The  agreement  between  the 
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Fig.  9.  Acoustically  estimated  size  abundance  profiles  for  20-120-m  depth  range.  Data  >hown  are  a) 
day  1 1615  PDT)  and  i  b)  night  2110  POT)  at  same  station  in  Saanich  Inlet.  Daytime  data  correspond  to 
scattering  profiles  of  Fig.  5.  Artificial  zeroes  have  been  added  at  0.0  and  4.0mm  radius  to  enhance 
readability. 


distributions  is  remarkable.  If  we  assume 
that  the  distribution  of  sizes  of  the  eu- 
phausiids  is  less  variable  over  horizon¬ 
tal  distances  than  the  numerical  abun¬ 
dances,  then  the  comparison  in  Fig.  8  is 
strong  evidence  for  the  efficacy  of  the 
acoustical  sampling.  The  good  agreement 
between  the  size  distributions  implies 


that,  for  these  data  at  least,  euphausiids 
are  the  dominant  causes  of  the  acoustical 
scattering. 

The  size  abundance  estimates  for  the 
daytime  layer  are  presented  in  three-di¬ 
mensional  form  in  Fig.  9a  and  a  similar 
plot  of  the  nighttime  scattering  at  the 
same  station  in  Fig.  9b.  The  depth  range 
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Fiij.  10.  Numerical  abundance  contours 
N'o.  m’*'  vs.  size  and  depth  tor  data  or  Fig.  9.  Dav- 
time  contours  shown  as  hatched  regions,  night  con¬ 
tours  as  solid  lines. 


is  20-120  m  in  both.  These  are  also  about 
the  limits  of  valid  data.  The  lower  depth 
is  approximately  the  point  where  no  sig¬ 
nals  were  seen  above  the  noise  level.  At 
the  gain  settings  necessary  to  obtain  use¬ 
ful  echo  levels  from  the  deep  iayer.  the 
receiver  often  clipped  signals  in  the  first 
20  m.  especially  at  night;  thus  data  above 
20  m  are  unreliable.  Radii  classes  at  0  and 
4  mm  are  shown. 

In  the  three-dimensional  perspective, 
the  daytime  layer  appears  dense  and 
thin,  with  a  definite  size  distribution 
structure.  Larger  scatterers  appear  above 


and  below  rhe  laser  The  size  pisrnbu- 
tion  peak  is  at  2.0  Tim  14  2- mm  length 
throughout  the  :a\er  At  night  the  profile 
changes  dramatieaik  There  .s  a  residuaj 
layer  or  perhaps  two  lasers  at  -tie  cca- 
tion  of  the  daytime  laser  but  ,t  .a  com¬ 
posed  of  mostlv  larger  scatterers.  The 
overall  impression  is  ot  signincantlv  fesv- 
er  scatterers  in  the  night  data  :or  the 
depth  range  20-120  m 

The  size.’depth  resolution  jr  the  acous¬ 
tical  estimates  can  be  exploited  to  allow 
presentation  or  the  data  ;n  forms  -a. ted 
to  particular  anaivses.  .Numerical  total 
abundance  profiles  and  the  three-dimen¬ 
sional  sizesabundance  plots  are  ex¬ 
amples.  Another  is  the  contour  >ize/aoun- 
dance  plot  of  Fig.  10.  This  representation, 
which  superimposes  the  daytime  ana  ] 

nighttime  data,  emphasizes  population 
density  maxima,  or  ‘cores. "  in  depth  and 
size.  For  example,  the  nighttime  residual 
layer  ,s  cieariy  i  dual  '.aver  in  this  fi'gure. 
the  upper  .vith  a  core  at  04  m  tnd  the 
lower  with  a  core  at  108  m.  Assuming  that 
these  data  are  from  the  >ame  population 
as  the  davtime  data,  we  can  draw  conclu¬ 
sions  about  the  vertical  migration  re¬ 
sponse  of  the  population  as  i  function  of 
size. 

It  is  apparent  from  the  contour  ptor  that 
the  residual  night  layers  are  composed  of 
size  classes  that  were  present  n  similar 
or  higher  concentration  it  'he  same 
depths  in  the  davtime,  and  there  is  no 
reason  to  suppose  that  inv  significant 
vertical  excursions  were  required  to 
create  the  dual  layer  structure  The  cores 
of  the  residual  lavers  consist  of  larger  in¬ 
dividuals,  14-22  mm  long,  although  in 
lower  concentrations  than  are  present 
during  the  day.  The  midwater  layers 
have  cores  of  17-mm  '62-m  layer  and  i.2- 
20-mm  i46-m  layer’  euphausuds  at  con¬ 
centrations  comparable  to  the  deeper  re¬ 
sidual  layers.  Thus  the  larger  eupruu- 
siids  ; >10  mm  long]  seem  to  distribute 
into  several  minidistnbutions  throughout 
the  water  column  at  night.  The  smaller 
organisms  <  10  mm  long;  disappear  al¬ 
most  entirely  from  the  20-120-m  depth 
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Fig.  11.  Number  of  icatterers  of  each  nze  re¬ 
maining  in  20-120-m  depth  range  at  night,  ex¬ 
pressed  as  fraction  of  davQme  abundances  in  >ame 
depth  range  i  solid  curvei.  Total  percentage  size  dis- 
tnbuaon  :or  daytime  estimates  shown  as  dashed 
curve.  Note  that  estimates  of  apparent  recruit¬ 
ment '  n  larger  size  classes  ire  based  on  a  small 
fracnon  of  total  number  of  scatterers. 


region,  presumably  having  migrated  to 
the  region  above  20  m. 

The  apparent  migration  can  be  quan¬ 
tified  by  using  the  acoustical  estimates. 
Figure  11  presents  the  fractions  of  scat¬ 
tered  remaining  in  the  20-120-m  range 
at  night  for  each  size  class.  The  fractions 
were  calculated  by  dividing  the  total 
number  of  scatterers  in  each  size  class 
over  the  20-L20-m  depth  interval  for  the 
night  data  by  the  corresponding  estimate 
for  the  day  data.  Estimates  in  the  larger 
two  sizes  that  seemed  obviously  to  be 
caused  by  fish  were  deleted.  The  resuits 
are  an  estimate  of  the  fraction  of  scatter¬ 
ers  in  each  size  class  that  apparently  has 
remained  in  the  20-120-m  depth  interval. 
Also  on  the  figure  is  the  percentage  size 
distribution  of  all  scatterers  excluding 
',fish'”'  for  the  20-120-m  day  data.  The 
fraction-remaining  curve  shows  a  pro¬ 
nounced  trend  for  larger  fractions  of 
smaller  organisms  to  migrate  out  of  the 
20-120-m  depth  region  again,  assuming 
these  data  are  from  the  same  population 
and  neglecting  anv  potential  horizontal 
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Fig.  12.  Dav  and  -light  -ocm  -ni.mencai  jdu.-i- 
dance  proiiies  compared  to  -emperarure  penile 
Hiatus  in  aoundance  'S  associated  with  temperature 
inversion  at  apout  "6  m  for  both  distributions. 


advection).  Virtually  all  of  the  smallest 
L  s  10  mmi  organisms  are  absent  from 
the  night  data.  About  three-fourths  of  the 
medium-size1  15  mm1  and  halt  if  the  larg¬ 
er  20  mm)  euphausuds  nave  apparently 
migrated  into  surface  waters.  The  in¬ 
crease  in  the  largest  size  classes  at  night 
may  be  an  estimation  error  or  mav  be 
caused  by  fishes  migrating  downward  or 
horizontal^.  It  should  be  noted  that 
these  classes  contain  only  a  small  fraction 
of  the  scatterers. 

This  description  of  vertical  migration 
has  assumed  that  the  numerical  estimates 
for  the  night  data  are  as  accurate  as  those 
for  the  day  data.  This  may  not  be  the  case, 
however.  I  noted  in  discussing  the  scat¬ 
tering  model  that  the  scattering  strengths 
of  eupnausiids  at  anterior  or  posterior  as¬ 
pects  are  lower  than  at  dorsal  aspect.  I 
have  assumed  that  the  average  orienta¬ 
tion  of  euphausuds  is  horizontal  so  that 
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dorsai  aspect  scattering  strengths  are  ap¬ 
propriate.’  tor  these  analyses  Sameoto 
and  Paulowich  197",  pers.  comm.i  have 
examined  euphausud  orientations  from 
photographs  taken  bv  a  camera  rowed  in 
the  Gulf  of  St.  Lawrence.  The  orienta¬ 
tions  observed  were  distributed  over  ail 
angles  but  the  mean  value  for  daytime 
records  was  nearly  0°  horizontal  dorsal 
up);  at  night,  however,  a  significant  num¬ 
ber  of  animals  were  oriented  almost 
head-up,  and  the  change  from  horizontal 
to  near-vertical  orientations  seemed  to 
take  several  hours.  If  the  average  orien¬ 
tation  at  night  is  inclined  toward  the  ver¬ 
tical.  then  the  volume  scattering  strengths 
will  be  less  than  for  the  same  distribu¬ 
tions  of  animals  '.vith  honzoncai  orienta¬ 
tions.  In  addition,  the  amount  of  reduc¬ 
tion  at  a  fixed  frequency  is  dependent  on 
the  lengths  of  the  euphausiids  and  is 
greater  for  the  smaller  ones  Greenlaw 
1977V  An  overall  decrease  in  scattering 
strength  due  to  an  orientation  change  at 
night  would  result  in  underestimating  ac¬ 
tual  abundance.  The  greater  reduction  in 
scattering  strengths  for  the  smaller  eu¬ 
phausiids  would  result  in  relatively  larg¬ 
er  estimation  errors  for  smaller  animals. 
Thus  both  the  overall  abundances  and 
size  distributions  can  be  affected  by 
changes  in  orientation  from  the  horizon¬ 
tal. 

The  comparisons  given  here  show  both 
a  reduction  in  total  abundances  and  a 
proportionately  greater  reduction  of  the 
smaller  euphausiids  at  night.  These  ef¬ 
fects  could  be  due  to  differential  vertical 
migration  into  the  surface  waters  or  to 
changes  in  the  average  orientation  of  the 
organisms  at  night.  If  orientation  is  the 
sole  difference,  rough  calculations  with 
a  conjectured  aspect-dependent  model 
i  Greenlaw  1977)  show  that  an  average 
orientation  of  about  45°  would  be  needed 
to  account  for  the  discrepancy  in  total 
abundances.  More  likely  a  combination 
of  differential  vertical  migration  and 
■  possibly  depth-dependent)  orientation 
have  produced  the  effects  observed,  but 
the  data  are  insufficient  to  resolve  this 
question. 


One  or  the  principal  advantage'  or  an 
acoustical  sampler  aver  conventional 
sampling  methods  is  the  essentiailv  con¬ 
tinuous  nature  of  the  data.  If  the  nu¬ 
merical  estimates  are  correct,  then  the 
depth  resolution  of  an  ecnesounder  can¬ 
not  be  approached  by  any  practicaoie 
sampling  plan.  Sucn  resolution  could  be 
userul  m  studies  such  as  :nv estimating  re¬ 
lationships  between  distributional  pat¬ 
terns  and  phvsicui-chemical  properties  if 
the  habitat.  As  an  example,  m  F.g  12  the 
numerical  abundance  estimates  tor  iay 
and  night  are  compared  with  a  tempera¬ 
ture  profile  trom  the  same  station  toiiow- 
:ng  night1.  There  is  a  jtriKing  association 
between  the  hiatus  of  the  abundance  pro¬ 
files  which  are  assumed  *o  oe  about  the 
limiting  ir  'steady  state "  distributions 
for  day  and  night)  and  the  temperature 
inversion  at  76  m.  Most  likeiv  the  tem¬ 
perature  inversion  indicates  an  intrusion 
of  water  over  the  siil  of  the  iniet.  in  which 
ease  this  depth  zone  would  be  i  -egion 
of  relatively  high  veiocitv  shear  ,nc  .t  :s 
reasonable  that  zooplankton  might  avoid 
it.  Resolution  of  this  phenomenon  bv 
conventional  means  would  be  extraordi¬ 
narily  difficult. 

Remark s 

These  data  cannot  be  considered  con¬ 
clusive  proof  that  acoustical  sampling 
methods  are  precise  estimators  of  zoo¬ 
plankton  abundances.  The  suggestion  is 
quite  strong,  however,  that  this  is  indeed 
the  case  under  certain  circumstances. 
The  abundances  of  euphausiids  estimat¬ 
ed  acoustically  in  Saanich  Inlet  are  in 
reasonable  agreement  with  historical  es¬ 
timates  for  net  tows.  The  high  abun¬ 
dances  suggest  that  the  data  were  taken 
at  or  near  a  seasonal  peak  in  standing 
stocks,  which  is  also  in  accord  with  his¬ 
torical  data  Pieper  1971).  The  most  im¬ 
pressive  evidence  is  the  remarkable  cor¬ 
relation  between  acoustical  and  net-tow 
estimates  ol  size  distributions,  which  is 
much  too  good  to  be  fortuitous. 

These  methods  reiy  on  a  scattering 
model  as  a  basis  for  the  estimates  and 
thus  are  limited  in  application  to  zoo- 
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piankters  for  which  there  is  a  scattering 
model.  At  present  this  restricts  the  use  to 
euphausiids  land,  perhaps,  only  during 
the  daytime  where  orientation  can  be 
presumed  horizontal).  However,  scatter¬ 
ing  models  can  be  developed  and  veri¬ 
fied  by  laboratory  measurements  for  oth¬ 
er  common  zooplankters.  The  degree  of 
approximation  inherent  in  a  model  does 
set  a  limit  on  the  accuracy  of  estimates 
made  using  it.  but  this  limit  can  be  re¬ 
duced  by  refining  the  models.  Use  of  an 
applicable  scattering  model  is  preferable 
to  empirical  methods  for  several  reasons. 
The  principal  drawback  of  empirical  re¬ 
lations  between  scattering  strengths  and 
common  biological  measures  of  abun¬ 
dance  is  that  neither  number  of  scatterers 
nor  biomass  is  a  fundamental  acoustical 
quantity.  At  very  low  frequencies,  where 
all  scatterers  can  be  considered  as  Ray¬ 
leigh  scatterers,  the  backscattering  cross- 
sections  are  proportional  to  radius  to  the 
sixth  power  or  volume  squared.  At  very 
nigh  frequencies,  the  backscattering 
cross-sections  are  proportional  to  radius 
squared  or  to  the  cross-sectional  area.  Be¬ 
cause  the  volume  backscattering  cross- 
section  is  composed  of  a  turn  of  terms  in 
volume  squared  or  cross-sectional  area, 
we  cannot  take  its  square  root  or  raise  it 
to  the  power  and  obtain  a  quantity 
proportional  to  volumes.  Similarly,  the 
expression  used  for  the  single-frequency 
estimates  of  a  population  of  mixed  sizes 
*Eq.  5)  shows  that  the  number  of  organ¬ 
isms  is  not  a  fundamental  quantity  if  the 
size  distribution  of  the  population 
changes. 

Single-frequency  estimates  are  the  eas¬ 
iest  to  obtain  and  may  well  suffice  for 
most  applications.  In  principle  any  echo- 
sounder  can  be  used  to  measure  volume 
scattering  strengths,  but  in  practice  care¬ 
ful  consideration  must  be  given  to  choice 
of  operating  frequency.  Detection  ranges 
of  echosounders  tend  to  decrease  dra¬ 
matically  as  the  operating  frequency  is 
increased,  principally  because  of  the  in¬ 
crease  in  absorption  at  high  frequencies. 
The  volume  scattering  strength  of  a  pop¬ 
ulation  of  euphausiids  will  increase  rap¬ 


idly  with  frequency  up  to  a  point  about 
where  ka  =  1  for  the  mean  size  scatter¬ 
ers)  and  then  increase  much  more  slowly 
as  the  increments  of  scattering  strength 
for  the  smallest  scatterers  becomes  less 
for  each  increase  in  frequency  The 
change  m  volume  scattering  strength  for 
a  change  in  the  abundance  of  the  smallest 
scatterers  will  always  be  less  than  the 
change  in  volume  scattering  strength  for 
an  equal  change  in  the  abundance  of  larg¬ 
er  jcatterers.  This  is  true  at  all  frequen¬ 
cies  and  imposes  a  minimum  detectable 
abundance  change  on  the  measurements. 
If  measurements  are  made  at  a  sufficient¬ 
ly  high  frequency  so  that  ka  »  I  for  the 
smallest  scatterer,  however,  the  incre¬ 
ment  in  volume  scartenng  strength  for  a 
change  in  the  abundance  of  the  smallest 
scatterers  is  maximized  and  the  bes  pos¬ 
sible  resolution  obtained.  As  an  example, 
suppose  that  the  smallest  euphausiid  we 
expect  to  find  in  significant  numbers  is  5 
mm  long.  The  corresponding  radius  is  0.?) 
mm  and  the  minimum  frequency  for 
which  ka  =*  1  is  /  =  265  kHz.  There  are 
echosounders  with  operating  frequencies 
in  this  range,  but  probably  results  would 
be  adequate  with  an  echosounder  oper¬ 
ating  at  the  more  common  frequenev,  200 
kHz" 

Two-frequency  estimates  of  size  and 
abundance  were  very  different  from 
the  single-  and  muitifrequency  measure¬ 
ments  for  this  particular  population. 
Probably  this  method  would  not  produce 
satisfactory  results  with  any  population 
that  includes  a  variety  of  sizes.  There 
may  be  circumstances  when  a  population 
is  dominated  by  a  single  size  class,  how¬ 
ever,  and  this  method  could  be  useful  in 
estimating  that  size. 

The  multifrequency  estimates  are 
clearly  the  most  elegant  results  of  acous¬ 
tical  sampling.  These  data  were  obtained 
with  the  absolute  minimum  number  of 
frequencies  and  certainly  better  solu¬ 
tions  would  be  possible  with  measure¬ 
ments  at  more  frequencies.  There  are  no 
rules  for  choosing  the  optimum  number 
of  frequencies  but  there  are  guidelines 
for  choosing  the  range  of  frequencies. 
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Ideally,  we  would  like  to  have  our  esti¬ 
mate  be  sensitive  to  changes  in  the  abun¬ 
dance  of  the  smallest  and  largest  size 
classes  by  a  single  scatterer.  Since  the  in¬ 
crement  in  volume  backscattering  cross- 
section  for  the  smaller  size  will  be  less 
than  that  for  the  larger  size  irrespective 
of  frequency,  we  cannot  expect  to 
achieve  this  sort  of  resolution.  That  is, 
acoustical  estimation  will  always  be  less 
sensitive  to  changes  in  the  abundance  of 
the  smaller  sizes.  In  addition,  ambient 
noise  and  measurement  uncertainties 
will  make  it  unlikely  that  we  can  achieve 
sensitivity  to  a  change  of  only  a  single 
large  scatterer.  .-Vs  a  practical  alternative, 
we  can  choose  the  upper  and  lower  fre¬ 
quencies  on  the  basis  of  resolution  in¬ 
dependent  of  the  other  scatterers  and  rec¬ 
ognize  that  estimating  smaller  sizes  is 
inherently  less  accurate  than  estimating 
larger  sizes. 

If  the  smallest  size  class  only  were 
present,  we  would  expect  optimal  solu¬ 
tions  of  abundance  if  the  highest  mea¬ 
surement  frequency  were  chosen  so  that 
the  measurements  were  near  the  upper 
range  of  the  resonance  region  for  these 
scatterers.  Thus  we  would  want  ka  =•  L 
at  the  highest  frequency  for  the  smallest 
size  class.  Similarly,  if  only  the  largest 
size  class  were  present,  we  would  choose 
the  lowest  frequency  so  that  measure¬ 
ments  at  this  frequency  were  at  the  lower 
end  of  the  resonance  region,  or  ka  »  0 .7. 
These  are  conservative  guides  and  could 
be  relaxed  considerably.  If  we  apply 
these  limits,  the  range  of  maximum  sen¬ 
sitivity  for  the  measurements  presented 
here  is  about  1.4  s  a  s  2.1  mm. 
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Summary 

Mid-ocean  (35^  1 55°W)  ooservauons  of  ihe  various  components  of  radiative  rlux  were  maae  from  the 
RjP  FLIP  during  the  period  2  through  13  February  1974.  Cloud  cover  ranged  from  clear  skies  to  overcast, 
and  water  vapour  pressure  varied  between  9  and  1 3  mo.  with  sea  surface  temperature  near  1 5  05C. 

The  net  longwave  radiative  fluxes  reported  here  were  obtained:  (1)  by  taking  the  difference  between 
simultaneous  measurements  of  net  ail-wave  and  net  soiar  fluxes:  and  12)  by  direct  measurements  with  a  net 
longwave  radiometer  designed  by  G.  W.  Paltndge.  When  observations  during  rain  and  fog  are  excluded,  the 
difference  between  night-time  1 5-mmute  averages  oy  the  two  methods  is  generally  less  than  I  rnW  cm  * 1 
During  day-time,  indirect  measurements  are  often  larger  than  direct  by  aoout  imWcm'1;  from  .ntemal 
evidence  we  prefer  the  direct  values. 

The  albedo  of  the  sea  surface  was  calculated  from  simultaneous  measurements  of  downward  and 
upward  solar  fluxes.  The  observations  were  analysed  to  represent  albedo  as  a  function  of  soiar  altitude  and 
atmospheric  transmittance,  following  the  work  of  R.  E.  Payne;  our  results  suggest  that  Payne's  smootned 
representation  is  suitable  for  use  over  the  open  ocean.  Albedo  was  observed  to  decrease  with  increasing  wind 
speed  for  clear  skies  with  solar  altitude  between  15  and  30  degrees  but  no  variation  was  discernible  at  higner 
solar  altitudes. 

Empirical  formulae  for  calculating  both  shortwave  and  net  longwave  components  of  the  radiative  flux 
were  compared  with  measurements.  A  formula  due  to  F.  E.  Lumb  for  determining  the  incident  solar  flux 
given  solar  altitude,  cloud  amount  and  cloud  type,  consistently  yields  good  agreement  wuh  the  measure¬ 
ments.  within  about  1  mW  cm " 1  Daily  averages  of  net  longwave  flux  calculated  from  several  empirical 
formulae  using  a  linear  correction  for  clouds  are  within  2mWcm*:  of  the  observations  reported  ;n  this 
paper.  Since  daily  radiation  balance  values  were  measured  as  only  5  mWcm"-.  the  limitations  of  the  best 
current  empirical  formulae  are  evident. 


1.  Introduction 

The  ability  to  determine  accurately  the  exchange  of  heat  between  atmosphere  and 
ocean  is  important  in  several  scientific  and  practical  applications,  including:  (I)  investiga¬ 
tion  of  atmospheric  and  oceanic  circulation:  (2)  weather  forecasting;  i3)  investigation  of 
thermal  modifications  in  the  lower  atmosphere  and  upper  ocean;  and  (43  investigation  of 
the  dynamics  of  climate.  The  objectives  of  this  paper  are  to  describe  observations  of  radia¬ 
tion  over  the  mid-Pacific  and  to  compare  the  observations  with  suggested  parametenzanons 
of  radiative  fluxes  at  the  surface. 

The  heat  flux  budget  at  the  air-sea  interface  can  be  expressed 

<2t  *  ri -'*)Qs~Q9~Qsc-Ql~<2sE’ 

where  Qr  is  the  total  heat  flux  into  the  ocean,  Qs  the  incident  solar  flux,  x  the  sea  surface 
albedo.  QB  the  longwave  flux  emitted  from  the  sea  surface.  QiC  the  longwave  flux  emitted 
from  the  atmosphere,  and  QL  and  the  latent  and  sensible  heat  fluxes  from  the  sea 
surface  to  the  atmosphere.  The  net  longwave  flux.  Q9N,  may  be  introduced  ;n  Eq.  (!)  to 
replace  Qv:~Q»>  anc*  the  net  all* wave  flux.  ■  (l-  DQs^Qa n.  may  he  introduced 
to  replace  all  the  radiative  terms  Typically,  the  sensible  heat  flux  is  an  order  of  magnitude 
less  than  the  latent  heat  flux,  wfuch  is  of  the  same  order  as  the  net  longwave  flux. 

Few  radiative  flux  measurements  have  been  made  at  sea.  Lumb  (1964),  Payne  (1972). 
Reed  (1977j  and  Tabata  (1964)  have  analysed  observations  of  shortwave  radiation.  Char- 
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nell  (1967)  reported  observations  of  longwave  radiation  near  Hawaii.  Retd  and  Haipem 
(1975)  reported  both  shortwave  and  net  longwave  observations  off  the  Oregon  coast. 

2.  Instrumentation 

A  description  of  the  instrumentation  used  is  given  in  Table  1. 

Measurements  of  the  net  longwave  flux  are  usually  obtained  by  suotracting  simul¬ 
taneous  measurements  of  the  net  ail-wave  flux.  Qs,  and  the  net  sotar  flux.  (I  —  xiOs.  The 
accuracy  of  such  measurements  can  be  low  dunng  day-time  because  the  net  longwave  flux 
is  frequently  an  order  of  magnitude  less  than  the  differenced  quantities.  Net  longwave 
fluxes  reported  here  were  also  measured  directly  with  a  radiometer  manufactured  by 
Middleton  Instruments  and  calibrated  by  CSIRO  (Paltndge  19691.  The  instrument  con¬ 
sists  of  a  standard  Funk  net  radiometer  converted  to  a  net  longwave  radiometer  by  surround¬ 
ing  the  radiometer  with  a  black  polythene  sphere  to  Alter  shortwave  radiation.  The  niter  is 
rotated  by  an  electric  motor  to  eliminate  effects  of  differential  heating  of  the  filter  by 
absorption  of  solar  radiation.  The  transmittance  of  the  filter  is  zero  below  a  wavelength  of 
2-5 nm  and  increases  to  about  40%  at  25  urn.  modified  by  absorption  bands  at  6-5  and 
14  jun.  Paltndge  calculated  that  the  effect  of  the  vanability  of  the  transmittance  of  the 
filter  on  the  measurements  will  be  about  —  5  %  for  the  blackbody  temperature  of  the  earth's 
surface  varying  by  -  20  degC  about  10°C. 

3.  Observations 

Measurements  of  the  incident  solar,  reflected  solar,  net  all-wave  and  net  longwave 
radiative  fluxes  were  made  from  the  R;P  FLIP  (floating  instrument  platform:  Bronson  and 
Glosten  1968)  dunng  the  period  2  to  14  February  1974  as  a  pan  of  the  POLE  expenment, 
a  component  of  the  Nonh  Pacific  expenment  NORPAX.  The  sea  surface  temperature  was 
also  observed  using  a  radiation  thermometer.  The  R,  P  FLIP  occupied  a  station  approxi¬ 
mately  800  miles  nonh  of  the  Hawaiian  Island  chain  under  free  dnft  conditions.  Its  position 
ranged  between  35"09'  and  34°56'N,  155=05'  and  155=25'W. 

The  R/P  FLIP  provides  an  ideal  platform  from  which  to  make  measurements  of  radia¬ 
tive  fluxes  because  of  the  stability  induced  by  having  about  90  m  of  her  length  submerged  ( as 
a  large  spar  buoy).  Hence,  errors  due  to  variable  sensor  orientation,  as  occur  on  conven¬ 
tional  ships  in  response  to  surface  waves  and  swell,  are  largely  eliminated.  Vertical  motions 
of  FLIP  were  about  10  cm.  and  pitch  and  roil  amplitudes  were  about  2°.  The  radiometers 
were  located  as  shown  schematically  in  Fig.  I,  to  minimize  shadowing  by  the  hull  and  the 
main  boom. 

The  signal  from  each  instrument  was  transmitted  by  shielded  cable  to  the  platform 
laboratory,  amplified  and  recorded  in  stripchart  form  by  use  of  a  multi-pomt  potentio- 


Figure  1.  Schematic  diagram  showing  location  of  instruments  used  to  measure  net  longwave  radiation. 
Qmn,  incoming  and  upward  solar  radiation,  Q,  and  respectively,  and  net  all-wave  notation.  Q.-,. 
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Figure  2.  Time  series  of  U-mmute  averages  of  the  various  radiative  components.  Q,  is  incident  solar 
radiatioa:  iQt<  upward  solar  radiation;  2*.  net  all-wave  radiation:  2*„,  net  longwave  radiation;  and 
AQim,  C,N(direcx)  minus  Cex(indirect).  The  time  of  start  is  OlJJoorr  on  3  February  1 9T4. 


metric  recorder.  A  sampling  rate  of  5  to  10  samples  per  minute  per  channel  was  maintained 
throughout  the  experiment. 

A  digital  representation  of  the  data  was  obtained  using  a  chart  digitizer.  The  records 
were  merged  to  obtain  a  continuous  time  senes  of  the  measured  vanabies  for  the  experi¬ 
mental  penod.  Occasional  errors  caused  by  radio  interference  were  removed  from  the 
records  by  interpolation.  Less  than  1  %  of  the  data  was  affected  by  such  interference.  From 


MID-OCEAN  ATMOSPHERIC  RADIATION 


49! 


the  resulting  time  senes,  sequential  averages  over  1  and  1 5  minutes  were  constructed.  The 
time  senes  of  15-minute  averages  t'or  the  entire  experimental  penod  are  shown  m  Fig.  2. 

A  summary  of  the  daily  mean  radiative  fluxes  and  other  meteorological  data  is  provided 
in  Table  2.  The  mean  cloud  cover  estimates  of  Table  2  are  time-weighted  averages  of  the 
fraction  of  estimated  cloud  cover.  Averages  are  given  for  both  day-time  fsunnse  to  sunset) 
and  24-hour  periods.  Stratus  and  cirrus  clouds  were  the  dominant  types  observed.  Cirrus 
clouds  were  neglected  in  estimating  cloud  amount  if  blue  sky  could  be  seen  through  the 
clouds:  Quinn  and  Burt  (1968)  have  shown  that  such  clouds  have  an  insignificant  effect  on 
attenuating  solar  radiation.  A  maximum  mean  daily  solar  flux  of  16-9mWcm":  was 
observed  on  a  day  having  nearly  clear  skies  (C  =  0-2  where  C  is  fractional  cloud  cover), 
while  the  minimum  mean  daily  value  of  6-3  mW'cm"2  corresponded  to  completely  overcast 
skies. 


4.  Net  longwave  flux 

Two  independent  measurements  of  net  longwave  flux  were  made  during  the  POLE 
experiment.  A  direct  measurement  was  obtained  by  use  of  the  net  longwave  radiometer 
described  above.  Indirect  measurements  were  made  by  differencing  measurements  of  the 
net  all-wave  radiative  flux,  Qs,  and  the  net  solar  flux.  ( 1  —  i)Qs  Values  of  the  fluxes  obtained 
by  the  two  methods  are  referred  to  as  direct  and  indirect  measurements. 

Records  of  the  15-minute  averages  of  the  directly  measured  net  longwave  fluxes  are 
plotted  in  Fig.  2  together  with  a  record  of  the  difference  between  direct  and  indirect  measure¬ 
ments.  The  daily  mean  direct  fluxes  and  atmospheric  conditions  are  given  in  Tabie  2. 
Several  features  are  immediately  evident  in  Fig.  2.  The  mean  difference  over  tne  entire 
observational  period  between  night-time  direct  and  indirect  measurements  is  oniv  2 %  of  the 
mean  of  either,  showing  good  agreement  in  the  absence  of  solar  radiation.  Tnere  is.  how- 
ever,  disagreement  between  direct  and  indirect  15-minute  averages  on  several  nights.  This 
disagreement  is  believed  to  be  due  to  fog,  mist  and  rain.  Both  radiometers  give  erroneous 
readings  under  these  conditions  because  of  wetting  of  the  extenor  surfaces.  The  second, 
third,  fifth  and  sixth  nights  of  observations  were  without  fog,  mist  or  rain  and  the  difference 
between  direct  and  indirect  measurements  on  those  nights  is  within  —  i  mWcm'v 

Day-time  comparisons  of  direct  and  indirect  measurements  of  net  longwave  radiation 
(Fig.  2)  show  that  indirect  measurements  are,  on  average.  30  %  larger  than  direct  measure¬ 
ments.  Indirect  measurements  aiso  exhibit  a  degree  of  variability  during  the  day  which  is 
absent  at  night  and  is  therefore  thought  spurious.  The  lack  of  agreement  between  direct  and 
indirect  measurements  during  the  day  can  best  be  accounted  for  as  the  error  resulting  from 
taking  the  difference  of  two  large  measurements,  both  of  which  are  subject  to  expenmentai 
error.  At  midday,  the  incident  solar  and  net  all-wave  radiative  fluxes  are  about  an  order  of 
magnitude  larger  than  the  net  longwave  flux.  Given  an  error  in  each  measurement  of  r  5  %, 
we  expect  the  error  of  the  difference  to  be  as  large  as  the  difference  itself,  about  —  5  mW  cm" : 
Referring  to  Fig.  2,  the  difference  between  direct  and  indirect  measurements  lies  between 
±5mWcm':  more  than  90%  of  the  time.  The  tendency  for  indirect  measurements  to 
exceed  direct  measurements  during  the  day  suggests  that  calibrations  of  the  pyranometers 
and  net  all-wave  radiometers  are  in  disagreement  for  shortwave  radiation,  unfortunately, 
we  were  unable  to  test  this  in  the  laboratory. 

Because  of  this  possibility,  direct  measurements  of  net  longwave  radiation  are  almost 
certainly  more  reliable  than  the  indirect  measurements.  The  direct  measurements  show  that 
the  net  longwave  flux  from  the  sea  surface  is  on  average  greater  during  the  day  than  at 
night.  This  result  is  consistent  with  generally  less  cloud  cover  during  the  day,  as  reported  by 
Dorman  et  al.  ( 1914)  from  an  analysis  of  observations  at  Ocean  Station  'V  (30‘N  140~W). 
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5  albedo 

The  albedo  of  the  sea  surface  is  defined  as  the  ratio  of  the  upward  to  the  downward 
solar  dux  immediately  above  the  air-sea  interface.  Two  sources  contribute  to  the  upward 
component:  emergent  uradiance  due  to  back-scattered  light  from  below  the  sea  surface: 
and  irradiance  reflected  from  the  sea  surface.  Payne  ( 1972)  concludes,  on  the  basis  of  obser¬ 
vations  in  Buzzards  Bay  and  the  Sargasso  Sea,  that  the  ratio  of  emergent  to  downward  flux 
is  about  0-005.  IvanofT  (1977)  states  that  the  ratio  has  a  maximum  of  0-02  for  very  clear 
water  but  in  general  is  less  than  0-005. 

Payne  analysed  observations  to  represent  the  albedo,  z,  as  a  function  of  the  solar 
altitude.  9,  and  the  atmospheric  transmittance,  f,  which  was  included  to  allow  for  the 
dependence  of  z  on  the  radiance  distribution  from  the  sky.  Atmospheric  transmittance  is 
defined  as  the  ratio  of  downward  irradiance  with  an  atmosphere  to  that  without  an  atmos¬ 
phere.  i.e. 

I”  =  Qs/-*  S  sin# ,  (2) 

where  S  is  the  solar  constant,  taken  as  l35mWcm*:,  and  r  is  the  ratio  of  actual  to  mean 
earth-sun  separation.  For  the  case  of  no  atmosphere  (I*  =  10),  the  incident  flux  is  depen¬ 
dent  oniy  upon  the  altitude  of  the  sun  and  the  sun-earth  distance.  Increased  atmosphere  and 
cloud  cover  result  in  enlaced  absorption,  reflection  and  scattering  of  the  incoming  solar 
flux.  The  overall  effect  ,s  to  produce  a  more  nearly  uniform  radiance  distribution,  thus 
reducing  the  dependence  of  albedo  on  solar  altitude.  Tn  the  iimit  of  heavy  overcast  iT  $ 
0-1),  a  nearly  isotropic  radiance  distribution  results.  The  use  of  transmittance  to  para¬ 
meterize  albedo  may  be  questionable  at  low  $un  angles  because  f  may  increase  without 
limit  (finite  sky  radiation)  as  6  approaches  zero. 

Payne's  observations  were  taken  from  a  fixed  platform  in  a  bay  off  the  coast  of  Massa¬ 
chusetts.  Observations  were  made  from  25  May  to  28  September  dunng  which  time  the 
solar  altitude  ranged  to  72°  and  the  mean  wind  speed  was  about  3-Tms~;.  The  trans¬ 
mittance  ranged  from  near  zero  to  about  0-T5.  Payne  fitted  smooth  curves  to  the  llbedo  as  a 
function  of  transmittance  for  observations  in  intervals  of  2°  of  solar  aitirude.  He  extra¬ 
polated  the  curves  to  regions  of  solar  aititude  and  transmittance  in  which  there  were  no 
observations  In  carrying  out  the  extrapolation,  he  imposed  a  boundary  condition  on  the 
value  and  the  slope  of  the  curve  of  albedo  r.  transmittance  for  transmittance  equal  to 
unity.  The  slope  was  assumed  equal  to  zero,  and  the  albedo  was  derived  from  reflectances 
calculated  from  a  theory  due  to  Saunders  ( 1967).  It  was  assumed  that  the  ratio  of  down¬ 
ward  irradiance  to  chat  emerging  from  the  sea  was  0-005  and  that  the  surface  roughness 
corresponded  to  a  wind  speed  of  3-7 ms*1. 

The  observations  reported  here  were  analysed  similarly  to  those  of  Payne.  Values  of 
albedo  were  calculated  from  15-minute  averages  of  incident  and  reflected  fluxes.  Corres¬ 
ponding  values  for  solar  altitude  and  atmospheric  transmittance  were  also  computed.  The 
resulting  data  were  sorted  into  2°  intervals  of  solar  altitude  and  averaged  over  intervals  of 
0-1  in  transmission  coefficient.  The  resultant  values  of  mean  albedo,  as  well  as  the  number 
of  values  used  to  obtain  each  mean,  are  shown  in  Table  3.  This  table  may  be  compared  with 
a  similar  table  of  smoothed  observations  given  by  Payne. 

Observations  of  albedo  for  particular  ranges  of  atmospheric  transmittance  are  shown 
in  Fig.  3  as  a  function  of  solar  altitude.  The  scatter  of  the  data  for  low  solar  altitudes  occurs 
because  the  cosine  response  of  the  radiometers  is  poor  for  solar  altitudes  less  than  5  and 
because  of  generally  increasing  uncertainty  in  the  measurements  as  the  magnitude  of  the 
irradiance  decreases.  Very  small  variation  of  albedo  with  solar  aititude  is  obser.-ea  ;n  Fig. 
3(a),  suggesting,  as  one  might  expect,  that  for  overcast  conditions  if  €  0-33)  albedo  has  a 


O  <  r  <  0  33  0.3  <  r  <  0  4 
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negligible  dependence  on  soiar  altitude.  The  observations  agree  weil  '-vith  Payne's  suggested 
curve.  The  mean  albedo  for  observations  shown  in  Fig.  3(a)  is  0-066  —  004.  where  the 
uncertainty  is  —  one  standard  deviation.  For  the  range  of  atmospheric  transmittance  most 
nearly  approaching  an  isotropic  radiance  distribution  (T  $  0-i)  the  mean  albedo  is  0-060- 
01,  which  is  in  excellent  agreement  with  Payne's  value  of  0-061  -  005.  In  Fig.  3(b),  albedo 
is  shown  as  a  function  of  solar  altitude  for  intermediate  transmittance  (0-33  $  T  $  0-66). 
Figs.  3(c)  and  3(d)  provide  finer  resolution  with  respect  to  atmospheric  transmittance.  The 
results  are  generally  consistent  with  Payne's  smoothed  curves. 

Representative  plots  of  albedo  as  a  function  of  atmospheric  transmission  for  a  given 
range  of  solar  altitude  are  shown  in  Fig.  4.  The  scatter  in  the  data  is  seen  to  be  largest  for 
the  range  of  low  solar  altitudes  (9  <  15")  as  previously  explained.  Some  of  the  scatter  may 
be  caused  by  variations  in  solar  altitude  within  each  range.  For  the  high  altitude  range, 
30°  <  9  <  45°,  the  scatter  is  significantly  reduced  and  the  curve  suggested  by  Payne  is 
supported. 
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Figure  a.  Unaveraged  albedo  as  a  function  of  atmosphere  transmittance  for  various  ranges  of  solar 

altitude. 
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The  percentage  deferences  between  our  eoser-anons  of  aibedo  and  Payne  s  curves, 
averaged  over  2 °  intervals  of  solar  altitude  and  over  all  values  of  transmittance,  are  plotted 
in  Fig.  5  as  a  function  of  solar  altitude.  For  increasing  solar  altitude,  the  difference  de¬ 
creases  from  about  -6%  at  9  =■  20°  to  —2%  at  40*  This  systematic  difference  is  within  the 
specified  accuracy  of  the  pyranomerers  (Table  1).  The  differences  are  larger  and  more 
variable  for  solar  altitudes  less  than  20°,  reflecting  the  greater  uncertainty  m  measurements 
at  low  solar  altitudes  as  well  as  uncertainties  caused  by  increased  effects  of  variable  surface 
roughness  and  radiance  distribution  of  the  sky.  Payne  shows  that  uncertainty  in  the  measure¬ 
ments  of  albedo  increases  rapidly  for  solar  altitude  below  20*  Even  though  our  observations 
of  albedo  are  systematically  lower  than  Payne’s,  we  conclude  that  the  differences  are  within 
the  combined  experimental  uncertainty  of  both  sets  of  observations. 
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Figure  J.  The  average  deviation  of  observed  values  of  aibedo  from  Payne's  ( 1972)  curves  as  a  function  of 

solar  altitude. 

The  effect  of  sea  surface  roughness  on  aibedo  -was  investigated  by  sorting  the  observa¬ 
tions  with  T  >  0-6  according  to  solar  alticude  and  wind  speed.  The  analysis  was  limited  to 
large  values  of  transmittance  because  the  effect  of  roughness  on  albedo  is  expected  to  be 
largest  under  clear  skies.  The  values  of  albedo  were  sorted  by  15°  intervals  of  solar  altitude 
and  normalized  by  the  mean  aibedo  for  the  given  range  of  solar  altitude.  Mean  values  were 
then  obtained  by  averaging  over  2ms*1  bands  and  were  plotted  as  a  function  of  wind 
speed.  Insufficient  data  at  low  solar  altitudes  precludes  discussion  for  the  range  9  <  15°. 
No  discernible  dependence  on  sea  surface  roughness  was  evident  in  the  large  scatter  associa¬ 
ted  with  the  high  altitude  range,  30°  <  9  ^  45°.  Values  m  the  intermediate  range,  15'  ^ 
d  $  30°,  are  shown  m  Fig.  6.  The  data  qualitatively  support  decreasing  aibedo  with  in¬ 
creasing  wind  speed  as  observed  by  Payne,  and  aiso  as  calculated  by  Payne  based  on  a 
theory  due  to  Saunders  (1967).  The  slope  of  the  line  in  Fig.  6  corresponds  to  Payne's 
observations  and  theoretical  calculations  for  clear  skies  with  17°  ^  9  $  25°.  The  theory 
predicts  that  the  effects  of  variable  sea  surface  roughness  will  be  negligible  for  solar  alti¬ 
tudes  greater  than  30° . 

The  average  day-time  albedo  shows  the  expected  correlation  with  cloud  cover.  The 
seven  days  of  high  mean  cloud  cover  (0-9  ^  C  ^  TO)  have  an  average  aibedo  of  0  064. 
This  value  corresponds  well  with  Payne's  value  of  0  06!  corresponding  to  a  aeariv  isotropic 
radiance  distribution.  For  relatively  cloudless  periods,  higher  mean  albedo  is  found:  0-09 
for  both  6  and  7  February,  computed  from  daily  average  values  of  incident  and  upward 
solar  flux  when  the  average  cloud  cover  was  0-2.  Such  augmented  mean  values  are  due  to 
the  large  albedo  with  low  sun  under  clear  skies.  A  climatological  estimate  of  albedo.  0  08 
(Payne),  for  the  month  of  February  at  35’N  in  the  Atlantic  agrees  with  the  mean  value  for 
the  experimental  period.  0-07  ±  01. 
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Figure  6.  Normalized  albedo  v  wind  speea  for  transmission  coeihcient  greater  than  O  n  and  solar  altitude 
between  !5’  and  30°.  Numbers  m  parentheses  are  the  number  of  values  averaged  to  obtain  each  ooint. 
Vertical  bars  represent  the  standard  error.  The  line  has  the  slope  caicuiared  by  Payne  (1971)  fr'nj  a  theory 

due  to  Saunders  1 19671. 

In  summary,  the  observed  vananon  of  albedo  with  solar  altitude  and  transminar.ee  is 
in  good  agreement  with  near-shore  observations  reported  by  Payne.  Apart  from  experi¬ 
mental  error,  the  scaner  of  the  observations  about  Payne's  smooched  curves  can  be  ascribed 
to  various  causes: 

(!)  Part  of  the  scatter  in  Figs.  3  and  d  Is  caused  by  a  true  variation  of  albedo  within 
the  given  ranges  of  transmittance  and  solar  altitude. 

(2)  Variability  in  surface  roughness  associated  with  varying  winds  can  cause  scatter  at 
low  values  of  solar  altitude  id  <  30c).  Mean  winds  during  the  POLE  experiment  were 
6ms"1  compared  with  3-* ms"1  for  the  observations  reported  by  Pavne. 

(3)  The  distribution  of  radiation  from  the  skv  cannot  be  unambiguously  characterized 
by  the  transmittance.  For  example,  consider  two  cases  having  the  same  intermediate  value 
of  transmittance,  say  0-3.  one  in  which  the  solar  radiation  is  attenuated  by  intermittent, 
dense  clouds  ana  the  other  in  which  there  is  a  uniform,  thin  layer  of  cloud.  The  aibedo  for 
these  two  cases  would  probably  be  different,  as  can  be  deduced  from  Payne's  curves  of 
albedo  v.  transmittance,  which  are  nonlinear  between  conditions  of  heavy  overcast  (T  =0) 
and  clear  skies  (T  >  0-6) 

(4)  There  may  be  disagreement  at  high  values  of  transmittance  where  Payne's 
smoothed  curves  are  influenced  by  the  imposed  boundary  conditions  at  f  =  I  0.  As 
discussed  above,  these  boundary  conditions  are  derived  theoretically  and  lack  observational 
support. 


6.  Parameterization^ 

(a)  Shortwave  flux 

Numerous  empirical  relations  have  been  advanced  to  predict  the  attenuation  of  solar 
radiation  by  clouds.  Relations  suggested  by  several  authors  are  given  in  Table  a.  (n  this 
table,  Q0  represents  the  insolation  under  clear  skies  and  is  calculated  from  the  formula  due 
co  Seckel  and  Beaudry  (1973)  (see  also  Reed  1977).  Seckel  and  Beaudry's  formula  is  based 
on  data  in  the  Smithsonian  Meteorological  Tables,  using  an  atmospheric  transmission 
coefficient  of  0-7.  Reed  compared  several  formulae  for  estimating  clear-sky  insolation  with 
coastal  and  oceanic  observations  and  concluded  that  the  relations  due  to  Seckei  and 
Beaudry  (1973)  and  Lumb  (1964)  were  the  most  reliable.  The  parameter  C  in  Table  4  -s  the 
fractional  cloud  cover  and  <l>  is  the  noon  solar  altitude.  The  relation  due  to  Wvrtki  i  (965) 
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TABLE  4.  Comparison  of  observations  of  incident  solar  radiation  with  predictions  df  empirical 

formulae 


Reference 

Formuia 

Overestimate 
of  1 1-day  mean 
predictions 

•*'*/ 

Mean  square 
jifference. 

Doservauon-oreciction 

'mW-cm'T 

Houghton  1 1954) 

Gall  23-1  030 

-  10 

10-3 

K,mball  1 1923) 

(2,(1  -0 TC) 

-13 

6*4 

Lumb  ( 1964) 

135  la  — twis 

0 

o  ■ 

Reed  1 19") 

God  -0-62C-00019/SI 

0 

2  3 

Wvrtki  (1965) 

God  -0-38C -0-38C5) 

-  r 

3-2 

is  an  adaptation  of  a  previous  relationship  suggested  by  Budyko  1  !956i  and  Seruana  -  :96C). 
The  coefficients  0-38  are  valid  for  latitudes  iess  than  60"  In  the  relation  due  to  Lamb,  j  and 
b  are  empirical  constants  dependent  on  cioud  amount  and  type.  Tne  parameter  a  :s  the  mean 
of  the  solar  altitudes  at  the  beginning  and  end  of  the  hour  over  which  the  nsoiation  s 
calculated. 

The  empirical  formulae  shown  ;n  Tabie  4  were  compared  with  observations  oy  comput¬ 
ing  predictions  of  the  mean  daiiy  insolation  and  comparing  these  predictions  with  the 
observations  tabulated  in  Table  2.  Excepting  Lumb's  fcrmuia.  all  the  computations  were 
made  using  the  averaged  day-time  cloud  cover  tabulated  n  Tabie  2.  P-edictions  using 
Lumb  s  formula  were  made  for  each  hour  of  the  day  and  tnen  averaged  to  ootam  1  daily 
prediction.  Predictions  were  averaged  over  the  I! -day  period  ana  compared  with  tne 
average  of  the  observations  over  the  same  period.  The  percentage  dirterences  between 
averaged  observations  and  predictions  are  tabulated  in  Taoie  4  together  with  the  mean 
square  of  the  differences  between  daiiv  predictions  and  observations.  Tne  formulae  due  to 
Reed  (1977)  and  Lumb  ( 1964)  are  in  closest  agreement  with  observations.  All  the  *emaining 
formulae  tend  to  underestimate  the  observed  nsoiation  Plots  of  the  predictions  due  to 
Reed  and  Lumb  are  shown  in  Fig.  7.  Tne  agreement  between  Lamb's  formula  ano  ooserva- 
tions  is  remarkably  good,  suggesting  that  daily  predictions  can  be  made  with  an  accuracv  of 
I  mWcm':  The  greater  accuracy  of  Lumb's  formuia  is  undoubtedly  because  noth  :;oud 
amount  and  cloud  type  are  incorporated  into  the  prediction.  Lumb's  -'ormuia  was  derived 
from  weather  ship  observations  m  the  North  Atlantic  i52c30'N  20''*V):  the  present  com¬ 
parison  suggests  it  may  have  validity  over  extensive  areas  of  the  ocean.  If  estimates  of 
cloud  type  are  not  available.  Reed's  formula  is  preferable.  Reed's  formuia  is  based  on  an 
extensive  set  of  coastal  and  oceanic  observations. 


Figure  7.  Daily  observations  of  average  .nsoiation  w.  estimates  from  formulae  due  10  Reed  119")  and 

Lumb  1 19641. 
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TABLE  5.  Formulae  for  calculating  net  longwave  radiation  under  clear  skies 


Author 

Formula 

Anderson  1952) 

eat  T*  -  r*(0-?4  —  0-0049e,;' 

M.  E.  and  T.  G.  Berliand 

£<x7T(o-39-o-oJe:)-4€-7r,J'r,  -  tj 

(Budyko  1956» 

Brunt  i 1937):  M  E.  and  T.  G. 

eoT'{ 0-39— 005e«; 

Berliand  i Budyko  1974) 

Efimova  (Budyko  1974) 

:-o7T(0-154— 0-00495e„, 

Swmbank  1 1963) 

ea 771  —9-35  «■  10-sr,‘) 

( b )  Vet  longwave /lux 

Several  formulae  used  to  caicuiate  net  longwave  :-adiative  transfer  between  the  earth's 
surface  and  the  atmosphere  under  clear  skies  are  given  in  Table  5.  in  which  o  is  the  emissivity 
of  the  surface  (taken  as  0-97  after  Anderson  (19521),  cr  the  Stefan-Boitzman  constant,  T, 
surface  temperature,  e ,  atmospheric  vapour  pressure  in  mb.  and  Tl  air  temperature.  The 
formula  due  to  Brunt  1 19321  has  coerhcients  suggested  by  M.  E.  and  T  G.  Berliand  ( Budyko 
1974).  The  formula  due  to  M.  E.  and  T.  G.  Berliand  (Budyko  1974)  is  similar  to  Brunt's 
formula,  the  difference  being  an  additional  term  dependent  on  the  sea-air  temperature 
difference.  The  formulae  due  to  Anderson  1 1952)  and  Efimova  i  Budyko  1974)  become  nearly 
identical  if  one  assumes  7",  =  77.  Swmbanx’s  (1963)  formula  is  the  oniy  one  independent  of 
vapour  pressure.  Most  of  the  formulae  in  Table  5  were  derived  from  observations  over  land. 
Anderson's  formuia,  however,  was  derived  exclusively  from  observations  over  a  lake. 
Swinbank's  formula  was  based  primarily  on  observations  over  land,  but  included  observa¬ 
tions  over  the  Indian  Ocean.  Reed  (1976)  concluded  that  Efimova's  formuia  gave  predic¬ 
tions  in  good  agreement  with  observations  under  clear  skies  over  the  ocean. 

The  formulae  in  Table  5  were  compared  with  observations  during  the  POLE  experi¬ 
ment.  Observations  during  clear  skies  are  tabulated  in  Table  6  together  with  predictions  of 
the  empirical  formulae.  The  'weighted  average'  is  weighted  by  the  duration  of  individual 
observations.  All  the  formulae  underestimate  the  observations,  although  the  significance 
is  not  large  because  of  the  scarter.  Efimova's  formuia  most  strongly  disagrees  with  the 
observations,  by  15%  on  average,  although  the  standard  deviation  about  the  mean  is  a 
minimum.  Swinbank’s  formuia  agrees  in  the  mean,  but  it  yields  the  largest  standard  devia¬ 
tion.  The  weighted  mean  of  estimates  by  Berliand’s  formula  also  agrees  with  the  mean  of 
the  observations. 


TABLE  6.  Observations  and  estimates  or  net  longwave  radiation  under  clear  skies 


Date  of 
start 

Feb.  1974 

Time  of 
stan 
(local) 

Duration  7", 
th)  PC) 

T. 

CO 

f,  observed 
(mb)  (mW cm'1) 

Brunt 

Overestimate 

Berliand  Anderson  Efimova 

(%) 

Swmbank 

1330 

so 

14-6 

146 

13  4  9-9 

-21 

-21 

-26 

-28 

-14 

5 

0830 

2-5 

14-9 

15-6 

17  2  -9 

-12 

-17 

-19 

-19 

3 

6 

0830 

6-5 

14  8 

15-3 

15-7  TO 

4 

-2 

-6 

-5 

22 

7 

0700 

13-3 

14-7 

13-1 

9-0  8  * 

3 

10 

0 

-to 

-3 

7 

2200 

17-5 

14-7 

13-4 

10-6  v-2 

—  " 

1 

-9 

-1* 

—  3 

12 

2230 

10 

14  6 

14-3 

13-4  100 

_ 

-21 

-26 

-29 

-15 

Average: 

-9 

—3 

-14 

-IS 

A 

Weighted  average: 

-1 

-9 

-15 

Standard  deviation: 

10 

12 

10 

9 

13 

Weighted  standard  deviation : 

9 

10 

9 

11 
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Figure  3.  Normalized  net  longwave  radiation,  as  a  function  of  vapour  pressure.  The  curves  are  denned  in 

Taole  5. 

For  further  comparison  between  observation  and  prediction  of  net  longwave  radiation 
under  clear  skies,  we  have  plotted  in  Fig.  3  several  sets  of  non-dimensionai  iu.xes  as  func¬ 
tions  of  vapour  pressure.  Values  of  surface  temperature  and  upward  longwave  dux  from 
Swmbank's  (1963)  observations  were  obtained  by  adding  0-;  degC  to  ooservea  values  of  air 
temperature  to  obtain  T,  and  then  computing  the  toward  dux  from  zaT*.  An  air-sea 
temperature  difference  of  OodegC  s  rvpicai  of  trooicai  latitudes  (see.  e.g..  Paulson  et  al. 
1972).  There  :$  disagreement  between  \ne  ioservat:ons  The  three  sets  reported  py  Reed 
(1976)  and  Reed  and  Haipem  < !  are  consistent  with  eacn  other  ana  agree  with  Efimova's 
formula  as  reported  by  Reed  ■  '9"6i  3oth  ’.ne  POLE  observations  over  the  mid-Pacific  and 
Swmbank's  observations  over  -he  Indian  <13cean  ire  systematically  higher  for  given  values 
of  vapour  pressure  tnan  the  -emaming  orse-  aliens 

It  is  not  surprising  ’hat  * ne re  s  vstemat.c  lisagreement  between  .ancus  sets  of 
observations  of  net  ongwa*e  auiati'*  4u'  i'0  o'eaictions  of  empmcai  formulae.  Observa¬ 
tions  of  net  icngwjve  nuiat  .  m  »te  Ciffiv.-,..'  "a*;  it  -ea.  particularly  from  a  conventional 
ship  (Hmzpeter  i-J’^i  mu  -  ■>»  <**  -  tm? rs  -han  the  incident  solar  dux. 

Disagreement  between  oftser.  ai  .'"s  ,  —w  also  be  ascripcd  :c  the  approxima¬ 
tion  made  n  ail  the  empir^a.  u  .et  ongwjve  dux  depends  at  most  on 

surface  temperature  and  near-vuCKt  »  a.  •  emperarure  and  humidity  The  net  longwave 
flux  under  dear  sain  citmrtv  lets* mi >  ua  m  ne  -emperature  and  humidity  uistnbution 
throughout  the  lower  atmosphere  '“hit  dependence  s  iluatrared  by  ooservations  reponed 
by  Reed  (197?)  showing  ’he  effect  •ne’-mii  eversions  on  the  net  longwave  flux  over  the 
sea. 

In  the  presence  of  clouds,  a  :or-ec::on  must  oe  applied  to  dear-sky  predictions  of  net 
longwave  radiation.  L.near  correct. on  actors  *un  -arous  coefficients  were  applied  to 
predictions  by  each  of  the  ’’ormuiae  given  n  Tabie  :  It  *as  found  that  a  factor  of  1-0-3  C 
yielded  predictions  in  approximate  average  agreement  with  observations.  A  plot  of  predicted 
daily  values  v.  observations  .s  shown  n  F  g.  J  -or  A.naerson  s  formula.  Similar  comparisons 
using  the  formulae  of  Brunt  and  of  Bernand.  with  ’he  same  cioud  factor,  are  equally 
satisfactory  U  appears  that  duty  vaiues  of  net  .ongwave  radiation  can  be  predicted  with  an 
accuracy  of  2.nWcm'!  A  cloud  ’’actor  of  -0-3C  may  be  compared  with  Reed's  U9~6) 
suggestion  of  1-0-9  C  for  middle  and  high  latitudes  and  !-0-*C  for  ;he  tropics.  Laevastu 
(1967)  suggested  faaors  dependent  on  cloud  type  as  follows  ill  stratocumulus.  1-0-9 C; 
(2)  aitostrarus.  1-0-6  C.  and  io>  cirrus.  1-0-25  C. 

On  the  basis  of  the  POLE  observations.  r.he  formulae  due  to  Brunt.  M.  E.  and  T.  G. 
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Figure  9.  Daily  averaged  observations  of  net  longwave  radiation  u.  estimates  based  on  Anderson's  0952) 
formula  multiplied  by  a  linear  cloud  factor. 

Berliand.  and  Anderson  are  equally  acceptable.  The  formula  due  to  Efimova  systematically 
underpredicted  radiation  under  clear  skies,  while  Swtnbank’s  formula  gave  large  scatter. 
Reed  (19761,  however,  finds  Efimova’s  formula  in  good  agreement  with  three  sets  of 
observations.  Additional  observations  are  required  to  improve  confidence  in  predictions  of 
net  longwave  radiation  from  routine  measurements. 
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(Recrirnf  16  Wav  1973;  jccvtnnl  in  rented  lorm  3  Soeemher  1973) 

Abstract — Microbial  decomposition  of  organic  matter  in  recent  sediments  of  '.he  Landsort  Dees — an 
anoxic  basin  of  the  central  Same  Sea— resulted  in  the  formation  of  a  characteristic  assemoiage  of 
authigenic  mineral  precipitates  of  carbonates,  sulnaes.  phospnates  and  amorphous  silica.  The  jominam 
crystalline  phases  ire  1  mixed  Mn-carbonate  [(MnO  J ,Ca„  mMgo  ojiCOj].  Mn-sutlide  [MnS]  ana  re¬ 
carbonate  [FeCOj],  Amorphous  Fe-suihde  fFeS].  Mn-phospnate  [Mn;iPO,).J  and  a  mixed  Fi-Cu- 
phosphate  C(Fe„  s,Ca0  .  JitPOj.]  were  identined  by  their  chemical  comoositions  only.  The  vanaoility 
in  comoosiuon  of  these  solid  phases  and  iheir  mode  of  occurrence  as  a  co-existing  assemoiage  constrains 
the  conditions  and  solution  composition  from  which  they  precipitated.  Estimates  of  activities  or  als- 
solved  Fs.  Mn.  POt.  CO,  and  S  in  eouilibnum  with  such  an  assemoiage  are  close  10  tnose  found 
in  receni  anoxic  inierstmal  waier-sediment  svstems.  It  is  important  to  have  cetaueo  knowledge  11 
the  composition  and  stability  conditions  of  these  soiid  precipitates  in  order  to  reiine  sioicniometric 
models  of  interstitial  nutrient  regeneration  in  anoxic  sediments. 


INTRODUCTION 

The  stoichiometry  of  interstitial  nutrient  regener¬ 
ation  from  decomposition  of  sedimentary  organic 
matter  has  increasingly  taken  into  account  that 
secondary  dissolution,  sortition  and  precipitation 
reactions  actually  control  the  dissolved  metabolites 
and  oxidants  instead  of  decomposition  reactions 
based  soieiy  on  microbial  sulfate-,  nitrate-  and  car¬ 
bonate-reduction  models  Balzer.  1973;  Murray  <rr 
M..  1973:  WhITTCaR.  1978;  ALUER.  1977  ;  3ENOER  it  JU 
1 977 ;  Berner,  i 977 :  Hartmann  it  ai..  1976:  Suess. 
1 976a:  Sholkovitz.  1973;  10.1 

In  environments  of  slow  sedimentation  stoichio¬ 
metric  decomposition  reactions  can  be  used  m  a 
limited  way  to  model  nutrient  regeneration  provided: 
11)  the  actual  carbon: nitrogen :pnosphorus  elemental 
ratios  of  the  decomposing  organic  matter  are  known. 
C)  preferential  stripping  of  phosphorus  and  nitrogen 
relative  to  carbon  remains  insignificant.  and  1 3)  meta¬ 
bolites  simply  accumulate  in  the  interstitial  solutions. 
In  environments  of  rapid  sediment  accumulation, 
however,  and  those  with  high  rates  of  input  of  organic 
matter,  interstitial  metabolite  concentrations  exceed 
solubilities  of  certain  inorganic  equilibria  resulting  in 
the  formation  01'  authigenic  minerals  and  thus  prefer¬ 
ential  removal  of  one  or  several  of  the  dissolved  con¬ 
stituents  (Martens  it  a/.,  to  be  published:  Murray 
tt  aL  1973:  Emerson.  1976:  Suess.  i 976b:  3ricxer 
and  Troup.  1975;  Berner.  1973;  Hartmann  tt  M.. 
1973;  a. a.1.  Another  mechanism  lor  removal  of  meta¬ 
bolites  is  ion-exchange  as  recently  shown  :  jt  dissolved 
NH;  in  clay-rich  anoxic  sediments  1  Suess  and 
MUuler.  ;n  prep.  1 

The  weaith  of  pore  water  chemical  analyses  avail¬ 
able  for  the  evaluation  of  such  secondary  interstitial 
equilibration  reactions  is  hardly  matched  by  the 


dearth  of  information  on  >eaimemary  souo  onases 
actually  formed  us  a  result  of  microoiai  oecomoo- 
smon  of  organic  maiter.  ;he  iron  suifides  una  some 
Mn-Fe-pnosonates  being  here  the  louoie  exceptions 
(Emerson.  ; 976 :  Tessenow.  :9*5.  ;9~u.  3erner. 
!973:  Hallserc.  '.971.  '963).  This  communication 
describes  the  chemical  composition.  X-ray  diffraction 
results  and  isotopic  charanensncs  of  Ft-  and  Mn-Ci- 
carbonates  and  Mn-suifides.  and  of  umorpnous  siiica 
and  Mn-Fe-ohosphate  phases  from  organic-ncn 
anoxic  sediments  of  the  Landson  Deep,  north-central 
3aiuc  Sea.  The  solids  are  believed  :o  be  products  of 
bactenai  metabolism,  their  apparent  soluoiiities  n 
seawater  await  investigation  :o  be  used  m  stoichio- 
metnc  modelling  The  note  further  llusirates  the 
mode  01  occurrence,  morphology  sna  surface  textures 
of  these  authigenic  precipitates  ana  stresses  the  useful¬ 
ness  of  such  remmeraiizanon  jssemn'aws  n  -tcogmz- 
mg  terrestnaily-mrtuencsd  marginal  sea  environments 
in  the  ancient  sedimentary  record  and  in  characteriz¬ 
ing  interstitial  water  chemistry  at  the  time  of  forma¬ 
tion. 

METHODS 

Four  types  01  sediment  analyses  >n  various  comotnauons 
were  used  to  elicit  :he  total  solid  phase  comoosmon  31 
the  major  portions  of  distinct  aminae  of  norganic  cnerm- 
cal  precoitates  found  in  the  seaiments  of  he  Lcncsort 
Deep. 

il)  -let d-itach  treatment  of  bulk  samotes  *as  .sea  0 
remove  and  separate  irom  the  sediment  ail  mineralization 
products,  i.e.  earoonate  and  phosphate  pnases.  .1  was  aier 
found  .hat  manganese  suiftde  was  aiso  -eadiiv  .oiuoie  n 
diluted  HCL  Desalted,  ground  and  arveo  seciment  samoies 
ranging  ;n  weight  irom  iOO—  1  'XX)  mg  were  aciatrieo  wun 
15  ml  of  iOvol*;  HCI  si  room  emoerature  or  --  n -r 
The  suspensions  were  illerea  tnrougn  )  aj  ,.m  memorane 
Sliers  and  repeatedly  wasneo  with  douole-distu.ea  vaier 
The  inai  each  voiume  was  adjusted  to  •>)  ml  unc  aeoro- 
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pnate  dilutions  used  for  standard  atomic  absorption  spec¬ 
troscopy  o f  Mn.  Fe.  Ci  end  Mg  contents.  iF&rstner  and 
Muller.  i'JTS:  Hermann.  1975).  and  soluble  P04  was 
determined  using  the  ammonium-molybdic  ictd  method. 

In  iddmon  sulfur  was  measured  on  separate  sample 
soli ts  by  automatic  titration  of  SO,  with  potassium-, odate 
and  starch-iodide  indicator  after  oxydutive  combustion  in 
tne  LcCO-induction  furnace:  the  precision  J  this  pro¬ 
cedure  was  ;  0.005°',  S.  Carbcnate-CO.  was  measured  on 
seoaruie  sample  splits  by  i.r.-absorption  of  CO.  evolved 
by  phosphoric  acid  treatment  with  a  precision  of  ;0.l°; 
CO.  iHarthsawv  n  j L  19761  Ail  resuits  are  listed  in 
Table  I. 

|2)  Sulk  chemical  analysts  of  indurated,  crust-like 
laminae  with  s  minimum  of  adjacent  sediment  were 
thought  to  yield  compositions  of  relatively  pure  mineral¬ 
ization  products  from  microbial  decomposition  of  organic 
matter.  Two  types  of  indurated  crust-like  laminae  were  iso¬ 
lated.  cleaned  of  any  adherent  sediment,  repeatedly  soaked 
m  double-distilled  water  and  air-dryed.  One  type  was  a 
whitish  manganese  carbonate  crust  supported  by  an  amor¬ 
phous  silica  framework  (Figs,  i  3b. cl  and  the  other  con¬ 
sisted  of  a  number  of  reddish-brown  lense-shaped  manga¬ 
nese  sulfide  concretions  (Figs.  2.  -ta.0).  Four  separate  pieces 
each  of  crust  and  concretion  material,  ranging  in  wetgnts 


from  W  to  7}  mg  were  analyzed  and  tne  results  are  listed 
in  Tables  a  and  6.  respectively. 

Mn-carnonate- silica  crust.  Two  pieces  of  crust  'Crust  A 
and  Bl  were  irst  ignited  at  iOO'C  without  are-treatment 
:n  j  muifle  furnace  for  3  hr  ana  men  me  oxide  residues 
analyzed  for  Ca.  Vln.  Fe  and  5iO:  oy  standard  techniques. 
Two  other  crust  C  and  D>  were  ignited  alter  HC’.-treai- 
mer.t  and  SiO-  determined  on  the  -esidue  Herma.w 
1975). 

Mn -iutridt  concretions.  Pre-weighed  portions  of  matenal 
were  dissolved  in  !0voi°',  HC1  in  a  N  ;-atmosphere  and 
the  evolving  H;S  swept  into  a  reservoir  of  pre-canbrated 
iodine  solution.  The  amount  of  sulfur  was  calculated  to 
a  precision  of  ;0.2°;,  S  from  the  iodine  reduced  to  iodide. 
The  excess  iodine,  not  consumed  in  the  oxidation  of  S;  * 
was  backtttrated  with  Na-thiosuifate  i  Janos*  and  Wendt. 
1953).  The  remaining  HC1  extract — purged  of  H.S — was 
used  to  determine  the  Mn.  Ca  and  Ft  contents.  Carbon- 
ate-CO;  was  determined  on  only  two  of  the  four  concre¬ 
tions  iC  and  0)  by  passing  the  evolved  gas  through  aaci- 
lied  iodine  solution  and  on  to  the  i.r. -analyzer  as  desen  oed 
under  ill.  The  instrument  response  was  calibrated  with 
CO.  evolved  from  known  amounts  oi  reagent  grade  caiate 
which  was  also  passed  through  an  acidified  iodine  trap. 

Since  Mn-suifide  .5  unstable  under  atmospheric  con- 


Fig.  1.  Baiuc  Sea.  the  maximum  extent  of  anoxic  bottom  water  conditions  :n  1969  according  to  Gras- 
inory  ( 197?)  is  shown  by  (he  black  areas:  the  Landsort  Deep  iLD:  -*60  mi  is  tne  deepest  of  these 

basins 


Fig.  2.  Radiograph  of  laminated  sediments  from  the  Landsort  Deep,  the  iayers  are  chemical  precipitates 
from  microbial  decomoostuon  of  organic  matter:  icaie  in  cm. 

Tig.  3.  Mixed  Mn-carbonate  concretions  ,b.cl  witmn  a  structural  frame  of  amorphous  smea  u.pi  from 
laminated  sediments  of  Landsort  Deep:  scales  -  ;0am.  Scanning  aectron  rmerograons.  v  Reimann. 
Ceol.-PdlaontOL  Inst.  University  oi'  <iei. 

Fig  a.  Euhedral  MnS  crystals  from  laminated  ledimcnt  of  Landsort  Deep:  scaies  «  50  um  Scanning 

electron  micrographs.  v  Reimann. 
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ditions.  certain  concretions  had  begun  to  oxidize  from  the 
surface  inward.  The  degree  of  alteration  is  seen  in  the  dif¬ 
ference  Between  Mn  and  5  found  in  concretions  4.  3  and 
C.  The  difference  is  thought  to  be  due  to  oxygen  ind  a 
correction  applied  assuming  MnO:  as  .he  alteration 
product.  An  alteration  product  in  tne  form  of  Mn-ox:de 
was  later  conrirmeo  by  simultaneous  microprobe  analyses 
for  Mn.  3  and  O  across  the  cut  surface  of  a  VlnS-concre- 
non  i  Fig.  7). 

i 31  X-ray  diffraction  and  micronrone  analvses  and  tcan- 
n iny  electronmicroscopy  of  hand-picked  portions  oi  these 
laminae  were  used  lo  support  results  of  bulk  chemical  ana¬ 
lyses.  Standard  procedures  for  X-ray  diffraction  analyses 
were  followed  using  random  powder  mourns  prepared  in 
aluminum  sample  holders  and  scanned  at  rates  of  :  -t° 
20/min  under  Ni-iiltered  Cu-K,  radiation.  Quartz.  present 
m  traces  in  most  samples,  and  metallic  aluminium  served 
as  internal  standards  to  check  the  d-spaangs  for  the  car¬ 
bonate  and  sulfide  phases  reported  in  Taoles  2a  and  i. 

(4)  Fractional  teach  treatment  of  bulk  sediments  with 
gradually  increasing  H'-ion  concentration  was  used  to 
remove  selectively  and  n  sequence  caroonate.  phosphate 
and  suifide  phases  ;n  order  to  study  the  individual  solid 
phase  compositions — particularly  that  of  phosphates  for 
which  no  X-ray  diffraction  pattern  waa  ootained. 

For  the  fractional  leacn  treatment  e  iOOmg  of  ground 
sediment  were  packed  in  a  0.3  cm  o.d.  chromatograonic 
column  with  a  very  fine  sintered  glass  disc  at  tne  oottom. 
Dead-soace  was  packed  with  giass-wooi  and  a  reservoir 
of  13  ml  capacity  attached  to  the  top  oi  the  column.  About 
13  ml  double  distilled  water  were  passed  through  the 
column  at  a  rate  of  <0.3  ml/mm.  and  the  eludant  solution 
collected  in  two  5  mi  fractions.  The  remaining  3  ml  m  the 
reservoir  were  mixed  with  10  ml  of  glacial  acetic  acid  and 
elution  continued.  After  collecting  two  more  fractions  the 
-emaining  diluted  acetic  acid  was  replaced  by  concentrated 
acetic  aad  and  three  additional  fractions  collected.  Then 
the  procedure  was  -ideated  using  first  diluted  ind  even¬ 
tually  cone.  HO  and  four  more  fractions  collected.  All 
!  1  fractions  were  scoarateiy  analyzed  for  their  dissolved 
Mn.  Ca.  Fe.  C a  and  FO»-<ontents  as  was  done  for  the 
HO-leacii  treatment t  see  ill.  The  compositions  of  the  indi¬ 
vidual  leacn  tractions  are  ilustrated  ;n  Fig.  i  and  the 
results  listed  in  Taole  '  for  Sediment  A  with  the  fractions 
grouoed  into  acetic  acid  and  hydrochloric  acid  extracts. 

aLTHIGENIC  COINSTITUEiNTS  I.N 

SEDItMEfNTS  OF  THE  BALTIC  5E.A 

Metabolic  production  of  CO;  in  oxic  environ¬ 
ments.  particularly  in  the  oceanic  water  column. 


forces  the  carbonate  equilibrium  towards  under- 
saturation  with  respect  to  solid  pnases  leading  to 
dissolution  of  carbonate  minerals  iSkirrow.  .9*5. 
Kroopnick.  197.1;  xo.i.  tn  the  anoxic  environments, 
however,  generation  of  CO.  leads  m  increased  super- 
saturation.  This  is  ascribed  mainly  to  tne  pri-ouffer- 
;ng  effect  oy  proteolytic  formation  of  tiyarogen  sul¬ 
fide.  other  weak  acids  and  possibly  H'-ion  exchange 
iSbESi  1976b:  Gieskes.  i9*d:  Ben-YaaKOv.  i97j; 
Berner  et  at..  1970). 

These  reactions  tn  the  anoxic  environment  are  re¬ 
sponsible  for  the  excellent  observation  of  calcareous 
microfossiis  under  conditions  of  SOi-reduction 
i  Berger  and  Soctar.  19*0)  and  the  authtgentc  'orma- 
tion  of  carbonate  minerals.  One  such  examole  is  tne 
mixed  Mn-Ca-carbonaces  found  in  the  Baitic  Sea 
basins  iOeavSER.  1961:  Manheim.  i 96 1 :  Hartmann. 
i964:  Varentsov.  1975).  Manganese  as  the  ma.ior 
cation — rather  than  calcum  or  iron — -seems  to  pe 
characteristic  of  terrestrially-dominated  organic 
matter  input  to  the  Baltic  Sea.  Predominantly  of 
numic  composition,  this  organic  matter  suooiies  jeon 
microbial  oxidation  targe  quantities  of  dissolved 
manganese  'o  'eact  wun  the  metaootites  caroonate. 
sulfide  and  pnospnate  i Manheim.  l96l.  Gripenberg. 
■934;  a.o.1. 

A  sediment  core  from  the  Lanosort  Deep,  tne 
aeeoest  of  a  senes  of  anoxic  oasins  of  the  3aitic  Sea 
Fig.  1),  contains  a  sequence  of  finely  laminated  sedi¬ 
ments  -.Fig.  2)  .Scess.  ! 9"6b:  Debyser.  :96U  The 
laminations  are  due  to  distinct  avers  of  inorganic 
chemical  precipitates  of  Mn-oaroonates.  phosonates. 
silica  and  sulfides  rather  than  to  the  annual  -arves 
commonly  found  in  3altic  Sea  deposits  'nilsSOn. 
i 970:  K.OCP.  1966:  Masicka.  1963.  Ignatius.  .953 . 
SauRamo.  1958).  The  ouik  chemical  composition 
of  acid  leachaoie  portions  trom  eleven  of  these 
layers  and  their  total  carbonate  and  suifur  contents 
are  shown  in  Taoie  !  ind  Fig.  5.  It  s  clear  from 
the  analytical  results  that  caroonate.  containing 
dominantly  Mn.  is  the  most  aounaant  phase.  How¬ 
ever.  regression  anaivses  between  -anous  comoina- 
tions  of  cations  and  anions  snow  that  the  ctosest  cor- 


Taole  I.  Composition  of  acid-soluble  fraction  of  eleven  layers  of  authigemc  precipi¬ 
tates  from  Lanosort  Deep  sediments;  concentrations  are  m  umoii IOOmg  and  tne 
I  oi  ions  are  m  uequiv.  IOOmg  of  dry  sediment 
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relation  is  obtained  between  ;he  sum  of  ail  cations 
and  the  sum  of  ail  anions  (Fig.  6)  rather  tnan  between 
spectric  cations  and  anions  corresponding  to  dennea 
compounds. 

degression  analysis  oetween  constituents 
la)  y  m  Uit  -  109  iSee  Fig  6l 

x  ■  I  cations  r-  »  0.97 

y  *  San  ions 
assuming  S2' 
tb)  y  »  1.018.x  -  5.42 

x  *  S cations  r-  »  0.95 

y  »  Samons 
assuming  S' 

Id  y  *  00885.x  -  7.83 

.v  *  Scanons  r-  m  0.90 

y  -  SCO]'  -r  POi' 

Id)  .1-  =.  0.890.x  -  54.17 

x  =»  Sections  r-  a  0.88 

y  -  CO] ' 

(el  y  -  0.940.X  +■  23.95 

x  »  Mn1  *  /■-  »  0.86 

y  -  CO] ' 

The  slight  excess  n  the  sum  of  anions — assuming 
total  sulfur  ■  S; '  —is  due  to  the  fact  that  Scations 
represent  the  acid-soluble  fraction  only  and  that 


sulfur  represents  the  total  Taction  including  acia- 
insoluble  S°  and  3*  of  the  seaiment.  Accordingiv. 
the  actual  acid-soiuoie  suifur  fraction  s  S'"  ■ 
Scanons  -  iCO]'  -  PO]"/.  These  results  are  asted 
in  Taoie  I.  column  9  'S;'  calcuiateai. 

The  acd-leach  results  ''urther  indicate  thai  no  or 
insignificant  amounts  of  Vln-  and  F ;-oxiaes  were  ore- 
sent — which  generally  cause  large  cation  excess — ana 
that  an  assemblage  of  caroonates.  sulfides  and  onos- 
phates  of  varying  solid  solution  comDOSttions  is 
present  and  the  task  at  hand  is  to  partition  the  con¬ 
stituents  among  these  co-existing  phases. 

Carbonates  and  amorphous  Silica 

Several  laminae  of  the  core  section  consisted  of  in¬ 
durated  crusts  and  could  be  physically  isolated  tor 
X-ray  diffraction  and  cnemicai  analysis.  X-ray  aiffrac- 
tion  data  of  the  carbonate-ncn  crusts  iTaole  2ai 
reveal  the  presence  of  two  carbonate  mineral  ohases. 
one  with  unit  ceil  dimensions  slightly  larger  than 
those  of  pure  VlnCOj  irhodochrosttei  out  consider¬ 
ably  smaller  than  those  of  CaCO)  'caicttei  Gold¬ 
smith  and  Gra f.  i960.  1958).  ind  the  other  with 
d-spactngs  characteristic  of  reCOj  isidemei. 

Detailed  chemical  analysis  Taoie  2bi  of  hana- 
picked  portions  of  pure  crust  material  ov  'racttonai 
teaching  m  diluted  acetic  acid  ana  hydrochloric  aaa 


Table  2a.  X-ray  diffraction  analysis  of  carbonate  crusts  from  Landson 
Deep  sediments;  d-spacings  m  angstrom 


Reflections  observed  for  sidente:  weak-  itrong  n.f.  »  not  found  - 
interference  with  aluminum  and  quartz,  respectively. 


Table  2b.  Composition  of  acid-soluble  fraction  of  car¬ 
bonate  and  amorphous  silica  crusts  from  Landson  Deep 
sediments:  concentrations  in  «mol/lQ0mg  of  dry  sediment 
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Table  3.  Ranges  of  staWv  carbon  'soiope  comoosition  :'or 
inorganic  and  organic  carbon  soecies  m  9»itic  Sea  water, 
organisms  and  sediments;  expressed  n  r JC  -e'.ative  o 
SMOW  and  PDB.  respectively 
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Fig.  i.  Depth  distribution  of  caroonaies.  iuinaes  ana  pnosonates  n  section  of  ‘aminaied  core:  scales 

in  wt”,,  of  dry  seaimem. 


confirmed  the  X-rav  diffraction  analysis  :n  that  a 
mixed  Mn-Ca-Mg-caroonate  mineral  phase  was 
present  and  revealed  in  addition  that  re  is  contained 
:n  a  separate  mineral  phase. 

Evidence  for  FeCOj  and  i.MnCuiMgjCOj  as  separ¬ 
ate  phases  from  chemical  evidence  is  seen  in  the  fact 
that  the  total  soluble  cation  contents  of  Crusts  C  and 
D  are  perfectly  balanced  by  their  total  anions:  i.e. 
Crust  C  cations  »  298  mea/ 100  mg  and  anions  m 
195  meq/100  mg.  Crust  D  cations  *  22S  meq/ !  00  mg 
and  anions  »  229  meq/100  mg  and  that  Fe  is  con¬ 
tained  exclusively  in  the  HCl-extract  as  indicated  by 
Crust  A.  Furthermore,  the  COv  POj.  equivalent  ratios 
for  Crusts  C  and  D  ranged  between  42  and  43.  assum¬ 
ing  the  same  for  Crust  A  yields  a  CO;  content  of 
142  mmol/ 100 mg.  This  amount  of  CO;  exceeds  the 
equivalent  sum  of  Mn  -  Ca  -  Mg-PO*  in  the  acetic 
ind  extract:  i.e.  234  mea/COj*  and  2"0  meq  cations. 
The  excess  of  i4meq  CO3 "  lOOmg.  however,  cannot 
be  accounted  for  by  the  equivalent  sum  of  cations 
m  the  HCl-extract  unless  soluble  Fe  is  included  thus 
substantiating  the  presence  of  FeCOj.  Since  Fe  was 
not  extracted  by  diluted  acetic  iad  but  was  ex¬ 
tracted  by  HCL  FeCOj  must  be  separate  from  the 
i.MnCaMgjCOj  phase. 

The  mixed  carbonate  phase  has  the  approximate 
composition:  iMn0JjCa.) ,0.Vtgo oj/COj  as  will  be 
shown  later  by  a  normative  calculation  of  all  phases 
found  in  the  laminated  sediments.  Isotopic  analysis 
of  the  mixed  \ln-«arbonaies  snowed  quite  a  strong 
depletion  in  |JC  with  values  of  <» '  JC  »  -  !3".r  This 
uotoptc  ratio  further  meats  to  fhe  otogenic  origin 
of  the  Mn-caroonate  phase.  Table  3  summarizes 
staple  C-isotooe  ratios  for  water,  biogenic  carbon¬ 
ates  and  organic  matter  for  the  Baltic  Sea  environ¬ 
ment  suggesting  that  aoout  :0°,  of  the  caroonaie 
might  have  originated  from  organic  matter  ind  the 
remainder  from  inorganic  bicarbonate  of  the  3aitic 
Sea  bottom  water  to  account  'or  the  ooserved  o'  !C 


values  iSuhSS.  I9*6b:  Erlenkelser  e:  m..  1 9'75l. 
Roberts  and  Whelan  1 19751  and  Haihaw*y  una 
Degens  iI969i  u.o.  uiso  -eport  finds  of  isotooicaily 
light  caroonates  as  the  result  of  microoiaiiv  produced 
CO,. 

One  aominant  mode  of  occurrence  if  the  ruxec 
Vln-carbonates  from  the  lunasort  Deeo  ,ediments  s 
in  spnencai  micro-concretions  througnout  a  struc¬ 
tural  frame  of  imoronous  siiica  as  illustrated  n 
Figs.  3b.e.  The  concretions  -anged  m  >;ze  'rom 
5-25  urn  ;n  diameter:  in  most  cases  they  formed  clus¬ 
ters  of  coalescing  spneres.  Their  surface  texture 

3'  f 
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Tide  4.  Comoosmon  of  carbonate  and  amorphous 
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appeared  quite  like  that  of  calcined  bacterial  colonies 
variously  reported  from  anoxic  environments  and 
certain  microbiological  experiments  iMorita  -r  ut^ 
1975;  Sc  ess  and  Fltterex.  1972;  Oppenheimer.  1961 , 
Ulou.  1957\ 

The  structural  frame  of  amorphous  siiica  iFig.  aai 
had  no  recognizable  otogenic  features,  bad  a  spongy 
appearance  providing  pore  space  for  the  formation 
of  the  mixed  Mn-carbonate  phases,  and  was  restricted 
to  single  friable  layers  of  < !  mm  tn  thickness 
throughout  the  core  section.  X-ray  diffraction  and 
chemical  analyses  iTaole  41  confirmed  that  no  other 
phase  was  present  wuhin  the  layer  and  that  t  con¬ 
sisted  of  95°;  of  SiO;  and  of  5°;  of  H.O  expelled 
at  SWC.  1  believe  that  the  amorpnous  siiica 
layers  are  chemicai  precipitates  of  remooiiized  oto¬ 
genic  siiica  in  close  connection  *itn  decomposition 
of  organic  matter  and  thus  constitute  oart  of  a 
characteristic  remineraiizanon  assemblage  along  with 
the  carbonates,  phosphates  and  suifioes.  From  exten¬ 
sive  studies  by  others  of  dissolved  .nterstuiai  water 
nutrient  constituents  and  silica  dissolution  experi¬ 
ments  it  appears  that  silica  is  'emooiiized  at  constant 
prooonions  relative  to  the  other  remineraiizanon 
constituents,  so  as  to  indicate  simultaneous  dissolu¬ 
tion  of  biogenous  siliceous  tests  and  oxidation  of 
organic  matter  '.Murray  vr  iL  1 973 ;  5 TON.  19~~: 
Sc  ESS.  I976bi.  In  the  absence  of  siiica  uptake  by 
degraded  clay  minerals  or  .lux  to  the  overlying  bot¬ 
tom  waters,  this  excess  of  dissolved  biogenous  silica 


may  well  precipitate  as  a  orecursor  for  incioient  caert 
'formation. 

Mn-iui/idf 

High  dissolved  Mn* '  concentrations  n  anoxic  bot¬ 
tom  waters  ana  pore  waters  .up  to  5.  10' 5  V()  are  -y oi- 
cal  for  Baiuc  Sea  pasms  Balzer.  1 9~3 ;  Dufari. 
19761.  Upon  mineralization  of  sedimentary  organic 
matter  by  SO.-reduction.  the  H;S  produced  as  a 
metabolite  may  therefore  precipitate  VfnS  in  mis  en¬ 
vironment.  rather  than  Fe-suindes  as  is  asuaily  the 
case  under  anoxic  marine  conditions.  Alcer  i  9""' 
and  Baczer  t!97S)  have  compared  ion  concentration 
products  of  the  aooropnate  dissolved  species  with 
soiubtiitv  products  of  vanous  phases  of  manganese 
sulfides  and  carbonates.  They  concluded  that  tne  n- 
terstmai  waters  of  Long  Island  Sound  ind  Baltic  Sea 
sediments,  respectively,  are  in  equilibrium  with  re¬ 
spect  to  sucn  phases  and  tnat  precipitation  of  MnS 
may  *eil  exert  some  influence  on  the  dissolved  .nter- 
stitial  water  soecies  of  these  environments.  Baron  ana 
Debyser  i  19571  ma  Debyser  :!96i)  first  discoverea 
sedimentary  MnS  .n  the  anoxic  deposits  of  the  3aicc 
Sea.  MnS  as  the  cu otc  mmerai  aiaoanaite  ;s  otherwise 
only  known  from  hydrothermal  deposits  PxlaCHE  rt 
ji..  i 952)  and  corresoonas  n  its  crvstai  structure  to 
one  of  two  synthetic  mgn-iemoerature  MnS-moaifi- 
cations  descnoed  pv  3chn*ase  1933).  The  seai- 
mentarv  MnS-onase.  however,  founa  pv  3aron  ana 
Debyser  t 957),  and  describee  here,  ras  a  hexa¬ 
gonal  crystal  structure  TaDie  51  anc  corresoonas  to 
Schnaases  '19331  low  temperature  MnS  oreaoitaie. 
a  modification  which  he  called  i-Mn5  wurtzitei.  In 
me  newer  ::rmir.oioey  as  used  py  -\STV1.  Scnnaase  s 
d-MnS  iwunzuei  is  taenticai  to  tne  •••MnS  mocifi- 
cation.  It  is  ciear  from  .me  work  of  Baron  and 
Debyser  and  the  finaings  resorted  here  that  -MnS. 
a  manganese  sulfide  of  hexagonal  crvstai  nmciure. 
is  the  first — ana  so  hr  only— occurrence  of  a  distinct 
sedimentary  manganese  suifide  mineral  of  autrugemc 
nature  iGlasby.  197";  Cylvert  and  Price.  19  V 

Its  dominant  mooes  of  occurrence  are  ,n  single 
crystals  or  clusters  of  euhedral  crysuls  iFigs.  4a.bi 


Table  5.  X-ray  diffraction  analysis  of  manganese  sulfide  concretions  !'rom  Land- 
sort  Deep  sediments:  d-spacings  n  angstrom 
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F:'g.  7  Microorooe  jne  scans  oi'  Mn-H„  O-K,  and  5-K., 
ntensuies  across  he  ;ut  surface  of  a  Mnd-concretion: 
:he  center  corn  on  snows  cure  MnS  wnereas  extdatton 
products  due  to  laooraiorv  candling,  -nos;  Ukelv  MnO;. 
cover  ‘.he  surface  see  also  cnem.  inaivses  n  Table  ct. 
Microorooe  analysts:  0  Xckermand.  Min-?etrogr.  Inst,. 

University  cl  Kiel. 

and  ;n  dense  lenses  resembling  boudinage  structures. 
The  accurate  chemical  composition  .s  difficult  to 
determine  owing  :o  the  apparent  nstaPtiity  of  MnS 
at  laooraiorv  conditions  and  to  its  uoiquitous  associ¬ 
ation  with  other  Mn-mineral  phases.  A  microorooe 
linescan  from  the  margin  to  the  center  of  a  lense- 
shaped  concretion  shows  the  association  of  Mn  with 
oxygen  in  the  outer  portion,  assumed  to  be  due  to 


MnO.  by  oxidation  during  laboratory  handling.  ana 
of  Mn  and  suifur  in  the  center  cortion  iFig  *\  This 
s  aiso  reflected  in  the  bulk  chemical  analyses  of  'our 
concretions  detailed  in  Taoie  c.  The  excess  of  Mn. 
c.ot  cound  by  suifur.  ,s  assumed  to  ce  oresent  n  trie 
alteration  product  MnO;.  The  *tJ,  of  oxygen  thus 
calculated  ados  to  almost  100®,  of  tne  total  *euru 
of  the  samples,  particularly  so  wan  Concretion  3. 
Furthermore.  Concretion  D  requirea  aimost  no 
oxygen  correction  because  ,ts  soluble  portion  con¬ 
sisted  to  >98°;  of  MnS  and  had  presumaoty  under¬ 
gone  negligible  alteration.  The  nsoluole  fractions  art 
clay  impurities;  none  of  the  tract  constituents  Ca  or 
Ft  are  believed  to  be  in  the  MnS-structure  out  art 
probably  leached  from  the  clay  and  carbonate  imDun- 
ties.  It  is  very  iike:y  that  authigenic  MnS-formation 
ly-MnSi  is  indicative  of  terrestrially  dominated,  mar¬ 
ine  environments  undergoing  extensive  mineralization 
of  humic  organic  matter  by  microoial  SO  .-reduction. 

Phospnaus 

The  solid  products  of  remmeraiization  of  organic 
phosphorous  are  more  difficult  to  identify  tna.n  tr.ose 
just  discussed.  3alzer  >1978).  Uurrax  er  af.  ;9"?1. 
Xller  i  1 97~\  Emerson  1 1 9~6i  and  3ricxer  ana 
Troup  i  19751  have  shown  :'rom  equilibrium  consider  - 
ations  of  interstitial  water  data  mat  remmeraiization 
of  organic  matter  in  Ft-dominated  sediments  terms 
to  produce  Ft-caroonates  and  Fe-pnosonates.  3ncxer 
and  Troup  present  rather  tenuous  evicsr.ce  rom 
X-ray  diffraction  analysis  that  vivianite  s  actuaiiy 
present  as  an  authigenic  phase  in  Chesaoeaxe  3ay 
sediments.  It  appears  from  their  findings  mat  vivianite 
:s  extremely  anstaoie  and  its  X-ray  diffracaon  aattem 
disappears  within  minutes  alter  exoosing  the  samoie 
to  atmospheric  oxygen.  This  is  contrary  to  otner 
reports  of  Fe'Uphospnates  m  sediments  and  m  excen- 
mentai  precipitates  which  show  weii  crystallized 
vivianite  to  oe  quite  itaoie  iTessenow.  1975:  3osen- 
QUST.  1970:  GulsRanOSEN.  19691.  Yet  the  pnos- 
phorus-nch  samoies  retneved  from  the  Lunasort 
Deep  contained  no  recognizable  crvstalhne  phosonate 
phases  although  total  PO.  contents  were  as  hign  as 
I0wr"y  Table  *  shows  the  aad-ieachaoie  compo¬ 
sition  of  three  splits  from  one  sediment  sampie  hign 


Table  5.  Sulk  composition  of  manganese  sulfide  concretions  from  Land- 
sort  Deep  sediments;  concentrations  in  *tJya)  and  mol'Yibl 
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•  Minimal  oxygen  correction  for  HC-ioluofe  ponton  'because  'ho 
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Tuote  ’  Composition  of  teachable  Tractions  ot'  sulk 
sediments  containing  mixed  caroonates  and  pnos- 
phates:  concentrations  in  amoi/IOOmg  oi'  pry  >esiment 


i«aiMnc  * 

kc«ei£  Mtiic:  .13.2  ;j  *  >  '  4  .5.9  i.i. 

-*c: -*xtr»cc  rt94.au*  ;o.;  .5.*.  .9.;  .2.2  «..s. 

u«k:  )?  ;  53.2  ;j..  :i 

i*44Mflt  ) 

“aeai  <i-t*tx«es  .44.2  34.*'  :r.j  r  *  5  :a.i  ji 

: 

?9t4l  .44.'  2.J  j*.j,  22.  j  ]j.|  ii!2.2i 

■  All  three  samples  are  homogenized  soiits.  CO;  was 
determined  on  a  tourth  split  and  is  assumed  to  he  the 
same  for  samoies  A— C.  samoles  3  and  C  were  extracted 
with  diL  HCi.  whereas  H  was  subjected  to  fractional 
leach  i  Fig.  3). 


in  mixed  carbonates,  sulfides  and  soluble  phosohates 
from  the  anoxic  deposits  of  tne  Landsort  Deep.  X-ray 
diffraction  analysis  confirmed  the  presence  of 
‘MnCaMgjCOj  and  MnS  as  encountered  n  the 
crusts  and  concretions,  resoeettveiy.  it  is  eviaent  from 
the  leachaole  constituents  that  tn  addition  to  these 
phases  also  Mn-Fe-phosphates  were  present  n  the 
sediments. 

To  further  detail  the  composition  of  the  X-ray 
amorphous  onosonate  pnaseisi  a  fractional  each  with 
increasing  H'-ion  concentrations  and  continuous 
monitoring  of  the  eluded  fractions  was  performed. 
The  ratner  comotex  elution  pattern  Fig.  31  ndicates 
that: 

ill  the  Mn-Ca-Vlg-carbonate  phase— described  ear¬ 
lier— is  leached  first  >Ai  along  wuh  an 

O  unknown  pnospnate  compound  ill: 

ij)  the  trailing  of  the  Fe-maximum  <  3)  attests  to 
the  separate  Fe-c3roonate  pnase  being  dissolved  at 
slightly  different  pH-condmons  just  as  encountered 
;n  the  fractional  leaches  of  crusts. 

The  following  complex  elution  pattern  results  from. 

|4)  the  dissolution  of  Mn-suinde  ,Ci — as  described 
for  the  concretions: 

ip)  a  second  unknown  phosphate  compound  ill): 
and 

(6)  finally  the  Increased  mobility  of  Fe  and  Mg  iD) 
at  very  low  pH-vaiues  signaling  the  destruction  of 
aluminosilicates. 

The  dissolution  of  the  mixed  carbonate  phase  (A)  was 
accompanied  by  vigorous  evolution  of  CO;  upon 
addition  of  acetic  add.  whereas  subsequent  dissolu¬ 
tion  of  Mn-suifide  lO  by  dil.  HO  was  clearly  recog¬ 
nized  by  the  evolution  of  H.S.  To  judge  irom  the 
shoulders  of  the  Fe-  and  Ca-oeaks  near  iC  it  is  quite 
likely  that  these  two  cations  are  contained  in  tne 
second  unknown  phosohate  compound  ill). 

This  qualitative  interpretation  of  the  eiution  oat- 
tern  ;s  m  agreement  with  the  results  ot  the  sequential 
dissolution  of  the  mixed  carbonate  crusts  discussed 
earlier  tTable  2bi  in  that  Fe-re!eas<  >s  dose  with  but 
clearly  separate  from  Mn-Ca-Mg-reiease  and  thus 
argues  strongly  n  favor  of  a  separate  Fe-prtase.  The 


iS.i  >  ’ 
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Fig.  3.  Sequential  eucn  oattem  of  soluote  cations  enc 
pnospnutes  from  puik  sumoie  ot'  ammaied  sediments, 
eleven  ructions  were  collected  .no  seoaraieiv  anaivzed 
whiie  the  .each  solution  graduaii*  changes  Tom  Cistiiled 
water  :o  diluted  to  concentrated  aettte  acid  and  further 
to  dilutee  and  concentrated  hydroemone  aetd.  me  sum 
of  the  leached  constituents  s  isted  n  Tjole  '  Sediment 
A.  elution  peaks  A.  3.  C  D  are  exoiuir.ed  n  the  'txt  as 
well  as  ohosohute  elution  peaxs  I  ana  il. 


comoined  HC-extracts  of  'he  carbonate  crusts  artner 
showed  mat  me 

Ication-eauiv.  -  FO.-equiv  =  COi  '-eouiv  . 

'hus  indicating  that  Ft  soiuole  m  concentrated  acetic 
ac.d  s  contained  it  FeCO.. 

The  amount  of  CaCOi  m  the  mixed  caroonaie 
phase  varies  between  3  ana  24°,  ana  mus  acoears 
to  be  the  oniv  source  of  ancertaint',  n  evaluating 
the  composition  and  amounts  of  ad  pnases  present 
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T jole  3.  3alance  oi  acid-ieacnaole  sediment  constituents  contained  in  solid  onases  ss  mineraliza¬ 
tion  oroducts. 
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TOTAL  PHASE  COMPOSITION  t.NQ 
IMPLICATIONS  ON  SOLLTION 
CHARACTERISTICS 

in  order  ;o  eiuadate  ;he  comoosttion  oi'  :ne  un¬ 
known  pnospnate  pnases  ail  racttonai  eac.*i  -esuits 
t'rom  caroonate  crusts  as  -veil  as  sediment  spins  are 
nere  comoined  to  proviae  the  oasts  tor  a  ouast-nor- 
mattve  calculation  oi  the  unknown  onases.  Accord¬ 
ingly.  tnese  resuits,  wnere  the  oartitsontng  oi  ons 
oetween  acetic  acid  soluole  ana  hvdrocnlonc  acta 
ioiuote  oitases  is  crucial.  are  idea  urea  to  coniorm  to 
the  oi  lowing  constraints  iTaoie  3): 

'll  Isoiubte  cations  =»  Isolubie  anions:  this 
-tauires  a  quantity  oi  soluble  S; '  oi  -d)  uir.oi,  ,00  mg 
oi  sediment  (Table  It; 

ill  lacetic  ac.d  soiuoie  cations  -  acetic  acta 
soiuoie  phospnate  =»  Icarbonate  ions:  mis  inference 
amounts  to  ijAamoi  CO  -  i  00  mg  sediment 
iTaoie  2bi: 

cl  The  amount  oi  acetic  actd-soluoie  Co  :s  ixea 
at  21  timol-  UX)  mg  sediment,  this  being  the  maximum 
quantity  encountered  rom  all  analyses  'Sediment  A. 
Table  *1: 

id)  All  Fe  soluble  in  concentrated  acetic  actd  s  con¬ 
tained  m  FeCOj.  this  'S  suoported  by  the  continuous 
elution  pattern  iFig.  31  and  by  results  oi  Taoles  2b 
and  *:  this  quantity  amounts  to  .A  umol.  100  mg  sedi¬ 
ment: 

i Si  Mn-sulfide  is  a  pure  phase  with  no  isomorphic 
substitution  and  is  soluble  oniv  in  tail.  HC’„  thus  ail 
HC!-soiuo!e  Mn  is  contained  in  MnS.  this  amount 
is  here  20  nmol.  ',00  mg  sediment  iTaoie  oi:  and 

(6)  Mg  and  Fe  released  irons  preaxdown  oi  alu¬ 
minosilicates  can  'oe  estimated  from  t.ne  etutton  peaks 
at  .ow  pH  values  iF'g.  3):  ior  Fe  this  amount  ,s 
idumoi/iOOmg  and  ior  Mg  ;s  '  umoi<  iCO  mg:  this 
then  explains  the  differences  .n  Fe  ana  Mg  soluble 
in  concentrated  and  diluted  HCl  -tscectivelv  iTaoie  *. 
5edtment  A  vs  Sediment  3.  Cl. 

Within  these  constraints  it  is  possible  to  calculate 
the  comoositions  and  contents  oi  eacn  onase  oi  the 


'emmeraiization  assemoiage  us  detailed  n  Taoie  i. 
Added  to  the  p-ases  thus  caicuiatea  snouid  oe  un 
amount  oi  amorphous  silica  oi  as  oign  as 
300  umoi/ M20  mg  to  ccmotete  :ne  assemoiage.  This 
quantity  nowever.  seems  nignlv  /ariaote  ana  s  oniv 
vagueiv  -eiated  to  t.he  onosonates.  suinaes  ana  cur- 
oonates. 

It  was  imenaea  to  draw  attention  to  trie  romoosit- 
;onai  variability  oi  autnigenic  onases  actually  ormed 
dunng  decomoosition  oi  sedimentary  organic  matter 
in  order  to  rehne  equiiiorium  moaets  currently  n  .sc 
describing  interstitial  nutrient  regeneration,  in  me  bi- 
, owing  considerations  :t  wnl  oe  empnasized  now  -aiu- 
aole  it  -would  -oe  t o  nave  thermoavnamic  cuanmies 
or  at  least  accurate  jnnarv.r  ioiuniitties  n  seawater 
ior  these  onases  since  they  so  cioseiy  control  ’he  nter- 
stittal  water  comoosmon.  Assuming  :ne  phases  to  oe 
co-existem.  :.e.  to  oe  n  equilibrium  with  toe  .inter¬ 
stitial  solution  comoosmon.  the  bilowtng  set  oi  con¬ 
ditions  must  ail  oe  met: 

MmJ  i  P04i;  -  :  .<?  «  i 0 "  ‘ : 

TESSENOW  i  i9“-l|  . 
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where: 

rd)  K\  to  K,  are  the  apparent  solubility  products 
of  the  co-existing  mineral  phases  in  seawater: 

ib)  .<  j  and  both  refer  to  the  apparent  solu¬ 
bility  products  of  phases  with  mixed  activities 
of  components  of  a  solid  solution:  i.e. 
t Mn.)  j0Co/> ; }.Mgo  jjiCOj  and  iFe^  j.Cdo 
respectively : 

ic)  none  of  these  /C'-vaiues  is  accurately  cnown : 

Id)  ^phosphate  a  total  dissolved  pnosphate  and 

Xitjfo..  Xhk>..  K'ro.  ore  the  apparent  dissociation 
constants  of  phosphoric  acid  in  seawater:  according 
to  ATLAS  (1975)  for  33°'„  S  and  10“C: 


<**>,•  1-95  •  I0*{ 
10*’ 

Kn,  -  1.00-  IQ"* 


let  C.A.  a  carbonate  alkalinity  and  K'^co,  and  K<x>. 
are  the  apparent  dissociation  constants  of  carbonic 
acid  in  seawater:  according  to  Mehmach  er  j i  1 1973) 
for  3J°U,S  and  25*C. 

X'hcOi  -  I  07-  10- 
Xco,  «  7.9a  10-10;  and 

if)  IH;S  «  total  dissolved  hydrogen  sulfide  and 
■<hs  and  K',  :he  apparent  dissociation  constants  of 
hydrogen  sulfide  in  seawater:  according  to  Skorttn- 
SEv  U957)  as  cited  in  Balzhr  (1978): 


P/Chj-  7.04  -  0.4  V  5 
p X,  -  14.92  -  1.2  u'  ; 
a  « ionic  strength. 

Simultaneous  analytical  solution  of  the  above  system 
of  equations  is  difficult  because  they  are  not  com¬ 
pletely  independent  of  each  other,  nor  is  a  sufficient 
number  of  constants  accurately  known,  yet  a  numeri¬ 
cal  estimation  of  ion  activities  by  fixing  one  of  the 
five  unknown  constituents  and  utilizing  the  thermo¬ 
dynamic  solubilities  as  shown  for  eqns.  iU  (2V.  <4) 
and  (5)  yields  a  set  of  activities  for  all  dissolved  con¬ 
stituents  which  quite  closely  resemble  those  encoun¬ 
tered  in  natural  interstitial  water  systems  In  the  ease 
of  the  Landson  Deep  sediments  inters  anal  total  dis¬ 
solved  Fe  was  determined  by  Debysex  (1961)  and 
found  to  be  iFst>  ■  t0*v02  moies/l  for  the  core  sec¬ 
tion  enriched  in  chemical  precipitates.  With  the  recent 
activity  coefficient  estimates  for  dissolved  Fe**  by 
Murray  *t  j(.  1 197<5).  the  following  activities  are 


obtained  for  the  above  multiple  equilibrium  system: 

'FttI  Vk-,  • 

aFei  -  i0**J:  !0*'  32  »  :0*! 3* 

aS)  »  I0'i0  '*  from  eqn.  i4) 

aCOj)  »  10  ■*  J*  from  eqn.  <  2) 

aMni  ■  tO"*02  from  eqn.  >5)  and  aS) 

aPOj  »  I0*1 05  from  eqn.  ii)  anq  aMnj.  m, 

Furthermore,  re-substituting  these  activities  into  eqns. 
(3)  and  161  yields  thermodynamic  end-memoer  activity 
products  for  the  mixed  caroonate  and  phosphate 
phases: 

aMn*)«COj)  -  !0**  M  -  K] 
a Fe*)JaP04):  »  ICT33*2  -  K*  ill) 
*  Ca-substitution. 

In  the  case  of  the  mixed  Mn-Ca-Mg-carbonate  the 
ion  activity  produa  is  higher  than  that  of  pure  Mn- 
carbonate  and  in  the  case  of  the  mixed  Fe-Ca-phos- 
phate  it  is  iower  than  that  of  pure  FejtPOj..  Both 
trends  are  expected  when  considering  the  degree  of 
Cu-§u0sntuuon  and  the  solubility  products  of  the  re¬ 
spective  pure  Ca-phases  iTessenow.  1974;  Roberson. 
I96o.  Garrels  and  Christ.  :965).  If  these  inter¬ 
mediate  solubility  produas  are  confirmed  experimen¬ 
tally  't  would  nave  far-reaching  implications  m  that 
the  solution  composition  in  such  a  system  couid  con¬ 
trol  the  mixed  solid  composition  rather  than  the  other 
wav  around. 

In  the  particular  case  of  the  Lindsort  Deep  the 
authigemc  phases  constitute  such  a  large  oerccntage 
of  the  sediment  that  they  can  .hardly  be  considered 
preaoitates  of  a  limited  amount  of  pore  water  soiutes 
in  a  quasi-closed  system  but  rather  as  having  formed 
under  conunuous  supply  01  dissolved  solutes.  A  simi¬ 
lar  view  was  recently  expressed  by  Cooke  i1977)  ;n 
a  different  connection  by  explaining  the  varying 
VlgCOj-comDOsition  of  caicite  surfaces  .n  response 
to  experimentally  imposed  Mg-concentratton  changes 
in  the  reacting  seawater  solution.  In  the  interstitial 
water-solid  sediment  system  the  comoosinon  of  the 
precipitated  mixed  phases  then  may  be  looked  upon 
as  accommodating  a  certain  solution  composition 
rather  than  controlling  it. 
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Abstract 

Stsiiob raeijius  laucopsarus,  the  most  abundant  specias  of  myctophid  fishes  off  Oregon, 
USA,  has  a  bimodal  distribution  at:  night,  with  a  peak  of  abundance  in  the  upper 
100  m  composed  of  dial  vertical  migrants,  and  another  peak  at  300  to  300  n  com¬ 
posed  of  fish  that  did  not  migrate  the  night  they  were  caught.  We  compared  the 
feeding  habits  of  these  two  groups  of  fish  in  an  attempt  to  learn  if  deep  fish 
migrated  to  surface  waters.  Low  similarity  of  diets,  differences  in  the  rank  order 
of  common  prey,  and  similar  states  of  stomach  fullness  and  digestion  of  prey  sug¬ 
gest  that  fish  captured  in  deep  water  at  night  probably  did  not  feed  exclusively 
in  shallow  water  on  previous  nights.  They  probably  fed  in  deep  water.  The  simi¬ 
larity  in  food  habits  between  deep  and  shallow  fish  is  most  readily  explained  by 
daytime  feeding  by  fish  in  deep  water  and  by  broad  vertical  distributions  of  pray. 


Introduction 

Many  specias  of  oceanic  micronakton  un¬ 
dertake  dial  vertical  migrations;  other 
species  are  non-migratory  (3aird,  1971; 
Sadcock  and  Merrett,  1976;  Pearcy  at  al., 
1977).  3ased  on  observations  from  sub- 
mersiblas,  3arham  (1971),  Clarke  (1971), 
and  Pickweli  at  ai.  (1971)  suggested  that 
not  all  migratory  organisms  perform  ver¬ 
tical  migrations  every  diel  period.  They 
noted  the  occurrence  of  myctophid  fishes, 
euphausiids,  and  physonect  siphonophores 
at  daytime  depths  during  the  night  or 
after  the  main  scattering  layer  had  mi¬ 
grated  upward  during  the  evening.  Migra¬ 
tory  and  non-migratory  portions  of  a 
population  have  also  been  revealed  from 
midwatar  trawling  studies.  Tucker  (1351), 
Paxton  (1967)  and  Clarke  (1973)  found 
that  substantial  numbers  of  some  species 
of  myctoohids  ( lanter.nf ishes)  may  remain 
at  daytime  depths  during  the  night  and 
do  not  migrate  toward  the  surface.  This 
paper  concerns  such  a  myctophid,  scano- 
brachius  laucopaarus. 

Stanobrachiua  laucopsarus  is  predominant 
in  the  mesopelagic  fish  community  of  the 
upper  200  m  at  night  off  Oregon  'Pearcy, 
1964,  1971,  1977).  In  an  earlier  3tudy, 
Pearcy  and  Mesecar  (1971)  found  large 
numbers  of  s.  leucopsarus  at  night  from 
depths  of  0  to  100  m  and  3 SO  to  420  m. 


Small  s.  laucopsarus  are  known  to  have 
gas-filled  swimb ladders  (Capen,  196T; 
3utler  and  Pearcy,  1972)  and  are  sus¬ 
pected  to  be  a  major  contributor  to  the 
12  kHz  scattering  layers  common  at  these 
depths  off  Oregon,  and  to  biological 
sound  scattering  in  oceanic  waters  of 
the  entire  northeastern  Pacific  Ocean. 

Migratory  and  non-migratory  fractions 
of  the  Sesncbrachius  Isucopsar'js  population 
were  clearly  revealed  by  a  recent  com¬ 
parison  of  day  and  night  vertical  dis¬ 
tributions  obtained  from  quantitative, 
opening-closing  midwater  collections  off 
Oregon  (Pearcy  *e  al.,  1  9  77)  .  Two  maxima 
were  obvious  in  the  vertical  distribu¬ 
tions  at  night:  one  in  the  upper  100  m, 
the  other  near  the  daytime  peak  of  abun¬ 
dance  at  300  to  500  m.  The  number  of 
fish  was  about  equal  in  these  two  depth 
strata.  Initially,  we  suspected  this 
dual  behavior  to  be  related  to  ontoge¬ 
netic  differences  in  vertical  distribu¬ 
tions  such  as  those  found  by  Clarke 
(1  973)  and  3adcock  and  Merrett  ( *  3 ~ 6 >  . 
However,  a  broad  size  range  of  J.  lauco- 
psar-js  occurred  in  both  shallow  and  deep 
water  at  night  during  all  seasons,  and 
the  size-frequency  distributions  within 
these  two  depth  zones  were  not  statis¬ 
tically  different,  a  finding  that  is 
relevant  to  this  paper.  Also,  the  lack 
of  size  differences  among  migratory  and 
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non-migratory  fi3h  is  an  argument 
against  the  idea  that  large  5.  leucopsarus , 
which  lack  the  physiological  constraints 
imposed  by  gas-filled  swimbladders ,  are 
more  extensive  vertical  migrants  than 
the  small  fish  with  gas-filled  swimblad- 
ders  see  Sutler  and  Pearcy,  1972). 

We  propose  two  hypothetical  types  of 
behavior  to  explain  the  observed,  non- 
migratory  distributions  of  stanabracbius 
leucopsams:  (1)  The  fi3h  found  in  deep 
water  at  night  (non-migrants)  infre¬ 
quently  or  never  undertake  diel  vertical 
migrations;  or  (2)  These  fish  actually 
migrate,  but  not  every  night.  The  fish 
caught  at  depth  have  merely  "taken  the 
night  off"  from  their  upward  excursions. 
Perhaps  individuals  migrate  to  the  sur¬ 
face  waters  to  faed  every  other  night, 
and  remain  at  depth  in  a  lethargic 
3tate  (Barham,  1971;  Clarke,  1971)  for 
a  day  or  more.  They  may  not  respond  to 
the  normal  sensory  cues  to  migrate  if 
they  are  satiated  (Zusser,  1953) . 

In  this  paper  we  examine  the  food 
habits  of  the  migratory  and  non-migrato- 
ry  portions  of  the  Scanobcaehiua  laucopsax'Jts 
population  in  an  attempt  to  test  these 
alternative  hypotheses.  If  fish  feed 
only  at  the  surface  at  night,  prey  or¬ 
ganisms  should  be  very  similar  for  fish 
caught  at  shallow  and  deep  depths,  but 
stomach  fullness  and  stage  of  digestion 
3hould  be  markedly  different.  On  the 
other  hand,  if  the  fish  found  at  depth 
during  the  night  rarely  migrate,  they 
must  feed  at  depth  and  the  species  com¬ 
position  of  their  food  should  differ 
from  that  found  in  migratory  fish  which 
presumably  feed  in  surface  waters.  Al¬ 
though  food  habits  of  s.  laucopsacus  have 
been  investigated  (Paxton,  1957;  Collard, 
1970;  Cailliet,  1972;  Tyler  and  Pearcy, 
1975)  thi3  aspect  of  the  feeding  ecology 
has  not  been  studied  for  any  lanternfi 3h. 


Mrarteli  *nd  Mathodt 

Scanobractii'js  laucopsarus  were  collected 
with  an  Isaacs-Kidd  midwater  trawl 
equipped  with  a  1  m2  multiple  plankton 
sampler  with  5  codend  net3  (Pearcy  seal., 
1977).  Collections  were  made  at  approxi¬ 
mately  120  km  off  Newport,  Oregon  (440 
40 '  N ;  125°35'7f)  in  September  1  972  ,  No¬ 
vember  1972,  June  1973,  and  September 
1974.  The  fish  were  fixed  in  10%  forma¬ 
lin  at  sea  and  stored  in  35%  isopropanol 
in  the  laboratory.  Fish  examined  for 
this  study  were  collected  at  random 
hours  of  the  night  (30  min  after  3unset 
to  30  min  before  sunrise) .  Food  habits 
of  fish  from  depths  of  0  to  100  m  (shal¬ 
low)  and  300  to  700  m  (deep)  were  com¬ 
pared  from  35  collections.  Shallow  nets 


fished  about  30  min,  dee?  nets  about  1  n 
A  total  of  595  i.  laucopsarus  were  exam¬ 
ined,  534  from  0  to  '00  n  and  '52  from 
300  to  700  m.  Standard  lengths  31, 
ranged  from  30  to  35  mm. 

Individual  fish  were  measured,  stom¬ 
achs  removed  and  stomach  fullness  deter¬ 
mined  on  a  scale  of  0  to  3  where:  0  * 
empty;  1  =>  partly  full,  rugae  not  dis¬ 
tended;  2  *  full  stomach,  rugae  partial¬ 
ly  distended;  3  =  very  full  stomach,  no 
apparent  rugae,  stomach  very  distended 
(Tyler  and  Pearcy,  1975).  The  contents 
were  flushed  into  a  Syracuse  dish,  ex¬ 
amined,  labeled,  and  stored  in  vials. 
Stages  of  digestion  of  food  were  cate¬ 
gorized  on  a  scale  of  1  to  3  where:  1  - 
organisms  well  digested;  2  *  organisms 
partly  digested;  3  =*  organisms  well  pre¬ 
served,  fresh,  when  possible,  individual 
food  items  were  identified  to  species. 
The  total  lengths  of  ccpepods  and  ampni- 
pods  and  the  carapace  lengths  of  euphau- 
siids  were  measured  when  possible.  Data 
on  food  habits  are  expressed  as:  fre¬ 
quency'  of  occurrence  of  a  taxon  based  or. 
all  fish  examined  including  those  with 
empty  stomachs ,  and  average  number  of 
individual  prey  items  per  fish  calcu¬ 
lated  for  ail  fish  with  food  m  their 
stomachs . 

Swimbladders  were  examined  under  a 
dissecting  binocular  microscope  for  mor¬ 
phological  differences. 


Rnultt 

Sviztbladdar  Structure 

Swimbladders  were  examined  to  determine 
if  differences  existed  in  the  percentage 
of  thin-walled  (presumably  gas-filled) 
swimbladders  in  Stanobxacbius  laucoosax-js 
captured  at  depths  of  0  to  ’00  m  and  300 
to  700  m  at  night.  According  to  3utler 
and  Pearcy  (1972),  who  described  the 
structure  of  S.  leueopsarus  swimbladders, 
gas-filled  swimbladders  have  thin  walls, 
whereas  swimbladders  that  lack  gas  in¬ 
clusions  are  fat-invested,  reduced  and 
thick-walled.  Our  results  in  Table  i 
agree  with  those  of  Butler  and  Pearcy  in 
that  most  small  J.  leucopsarus  had  chin- 
walled  swimbladders,  and  most  large  fish 
had  thick-walled  swimbladders.  Although 
Butler  and  Pearcy  found  no  gas  in  s.  ;*u- 
copsarus  larger  than  40  mm,  9  fish  of  40 
to  49  mm  were  found  with  thin-walled  or 
transitional  swimbladders  in  the  present 
3tudy,  suggesting  that  they  may  have 
contained  gas.  In  any  case,  no  large 
differences  were  obvious:  fish  with  thin- 
walled  swimbladders  occurred  at  both 
depths  in  about  the  3ame  proportions. 
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Seomac.i  Fullness  and  Stag#  of  Dijaszion 

Our  data  indicate  no  major  differences 
in  stomach  fullness  of  shallow  and  deep 
fish  {Fig.  ' ; .  Most  fish  at  both  depth 
intervals  had  food  in  their  stomachs  ex¬ 
cept  for  3mall  fish  (<40  mm)  in  deap  wa¬ 
ter. 

The  stage  of  digestion  of  food  items 
in  deep  fish  indicates  that  the  percent 
of  fresh  food  increased  with  increasing 
size  (Fig.  1) .  The  trend  was  inverse  in 
shallow  fish:  percent  of  fresh  food  de¬ 
creased  with  increasing  3ize.  For  fish 
>70  mm,  a  larger  proportion  of  deep  than 
shallow  fish  contained  fresh  food. 

Thus,  small  fish  (<40  mm)  in  deep  wa¬ 
ter  at  night  usually  had  a  small  quanti¬ 
ty  of  well-digested  food  in  their  stom¬ 
achs,  whereas  small  fish  caught  at  shal¬ 
low  depths  usually  had  full  stomachs  of 
relatively  fresh  food.  (Fish  <40  mm  rep¬ 
resented  43%  of  the  catch  at  0  to  100  m 
and  30%  at  300  to  700  m) .  Large  fish 
from  both  depths  differed  little  in 
stomach  fullness  and  3tage  of  digestion. 
Most  deep  fish  >40  mm  had  nearly  *ull 
stomachs  of  fresh  food. 


Tatoi*  L.  Star.odrmcr.iJ*  -9'ucopsmsjs .  ?*rc%r.z  comparison 
of  Tiiin-waiiad  l.-.d  or.io.<-v*_i#<i  «wtasoiaad«r*  oy  .mr.jzr. 
..".".ir/iiJ  from  455  z'/zzopr.iia  oaptirad  fr.m  two  c«et:*. 
zor.m  s 


-S3' 

‘o-: 

:?  4C-4? 

:-.x 

z 

zr.iCK 

34  00 

■.  OO 

.00 

.00 

5 00- '00 

zt.lo 

a 

54 

:  o 

0 

thi.sk 

•3 

so 

:  oo  .oo 

loo 

LOO 

LX 

Nia* 

tn«*« 

w«rt 

transitional  oat 

w««n  -r. 

if*.-  and 

tr.iZK’ 

vai.*d. 


STOMACH  FULLNESS 

2Cr  .-Mpr,  stage 


iOt- 


>'  ■  .... 

00 2  *tRTLf  ■ JLL 


STAGE  of  OIOEST'CN 


:  CO 

•  500 -'30 


00  2  «£L--0IGc$TED 


food  Composition 

The  percentage  that  each  major  prey  taxa 
comprised  of  the  total  number  of  prey 
organisms  and  the  frequency  of  occur¬ 
rence  of  major  prey  taxa  are  shown  in 
Fig.  2  for  fish  of  different  sizes  from 
0  to  100  m  and  300  to  700  n.  Several 
differences  are  apparent.  3asad  on  num¬ 
ber  of  prey  organisms,  copepods  were  the 
dominant  pray  taxa  in  deep  fish.  Cope- 
pods  were  also  the  most  numerous  prey 
for  fi3h  <60  mm  in  shallow  water,  but 
auphausiids  predominated  for  fish>60mm. 
Therefore,  large  fish  from  shallow  water 
fed  mainly  on  auphausiids,  whereas  large 
fish  from  deap  water  and  small  fish  from 
both  depths  fad  mainly  on  copepods. 
Trends  based  on  frequency  of  occurrence 
also  3how  differences  in  the  feeding 
habit3  of  shallow  and  deep  fish.  Suphau- 
siids  occurred  more  frequently  than 
copepods  in  surface-caught  fish,  while 
the  opposite  trend  generally  obtained 
for  fish  from  deep  water  (Fig.  2) . 

The  average  number  of  food  items  per 
fish  (Table  2A)  reflects  these  basic 
trends  in  food  composition.  An  average 
of  only  1  or  2  prey  were  found  in  fish 
from  shallow  water  and  in  small  fish 
from  deep  water.  Small  fish  usually  con¬ 
tained  a  few  copepods;  big  fish  often 
contained  one  large  euphausiid.  Large 
fish  from  deep  water,  on  the  other  hand, 
often  had  many  food  organisms  in  their 
3tomachs .  These  were  mainly  copepods . 
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Fig.  1.  Stanobracbios  leucopsarus .  Comparison  of 
szooach  fullness  and  stage  of  digestion  of  food 
items  for  10  ssa  length-groups  from  0  to  IOC  a 
and  300  to  TOO  a  depths 


Hence,  variation  in  number  of  prey  with 
size  of  fish  depended  on  prey  composi¬ 
tion,  which  in  turn  was  related  to 
depth  of  capture . 

3ecause  fresh  food  is  the  best  indi¬ 
cation  of  the  !<ind  of  prey  consumed  at 
the  depth  of  capture  of  the  fish,  we 
noted  the  percentages  of  the  two  major 
taxa  of  fresh  food  from  shallow  and  deep 
fish  in  Table  23.  Shallow  fish  of  all 
length  groups  contained  a  high  percent¬ 
age  of  auphausiids,  while  deep  fish  had 
a  high  percentage  of  copepods. 

A  list  of  prey  items  identified  from 
the  stomachs  of  Stsnobzacbius  Isucopsaros 
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?ig.  2,  Stanobrachlas  laucopsarus .  Percent  that 
each  orey  taxa  comprised  of  totai  number  of  prey 
organisms  and  frequency  of  occurrence  of  aajor 
orey  taxa  in  stomachs  of  different  sues  ab¬ 
scissa)  of  ayctophids  from  0  to  '.00  a  and  300  to 
700  a  depths 
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(Table  3)  indicates  that  more  species  of 
copepods  than  any  other  group  were  con¬ 
sumed. 

The  10  most  common  orey  taxa  are 
ranked  in  Table  4  for  fiah  from  0  to  100 
m  and  300  to  700  m  to  compare  the  rank 
order  of  frequency  of  occurrence  and 
average  number  of" prey  between  the  two 
depths.  Many  of  the  prey  taxa  were  com¬ 
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mon  to  both  depths,  indicating  similari¬ 
ty  in  the  occurrence  of  prey  in  deep  and 
shallow  fish.  However,  the  rank  orders 
of  prey  are  different;  some  prey  were 
common  in  the  diets  of  fish  from  only 
one  depth . 

On  the  basis  of  average  number  of 
prey,  the  amphipod  Parathamisto  pacifies, 
and  the  copepods  .'fecridie  pacifies,  CaJ.ar.us 
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oriseaeus,  and  Candid*  eolumbiaa  were  com¬ 
mon  oray  of  deep  fish.  c.  eol-ueibiaa  and 
Cucbiealla  sop.  (not  listed  in  Table  4i 
vara  found  only  in  the  disc  of  shallow 
fi3h.  Suphausiids  ranked  within  the  cop 
'0  pray  for  both  depths  but  wera  the 
most  abundant  food  caxa  only  for  fish 
from  0  to  100  m,  where  they  ranked  first 
and  second  in  importance .  because  eu- 
phausiids  ara  among  the  largest  prey, 
they  clearly  predominated  the  diet  of 
shallow  fish  on  a  volume  or  weight  basis 
Sucalanus  cungii ,  Calanus  spp  .  ,  Calanus  plum- 
r arcs  and  ostracods  replaced  auphausiids 
and  ?.  pacifies  as  the  predominant  pray 
in  deep-water  fish.  Ostracods  and  Calanus 
narsballaa  wera  only  common  in  fish  from 
300  to  700  m. 

On  the  basis  of  frequency  of  occur¬ 
rence,  auphausiids  and  Parachaniszo  paci¬ 
fic*  again  were  most  common  in  shallow 
fish.  ?.  pacific a  ranked  within  the  top  10 
prey  taxa  only  in  fish  from  0  to  ICO  m. 
Ostracods  were  again  listed  as  prey  only 
for  fi3h  caught  from  300  to  700  m.  Caia- 
.cus  plumciicus,  Sucalanus  bungii  and  Paraeuchae- 
:a  spp.  were  the  most  frequently  occur¬ 
ring  food  in  fish  from  deep  water, 

Percent  similarity  (the  sum  of  the 
percentages  of  individual  taxa  common  to 
the  diet  of  both  groups  of  fish)  was 
calculated  to  determine  the  similarity 
of  food  composition  between  shallow  and 
deep  fish.  The  percent  similarity  was 
40%  based  on  number  of  prey  items.  In 
addition,  Spearman  rank  correlation  co¬ 
efficients  wera  calculated  among  those 
food  taxa  that  occurred  in  5%  or  more  of 
deep  or  shallow  fish  for  each  of  the  4 
cruises  and  far  all  cruises  combined. 
Rank  correlation  coefficients  ranged 
from  0.07  to  0.30  for  comparisons  of 
frequency  of  occurrence  or  mean  number 
of  pray,  either  for  ali  sizes  combined, 
for  fish  <40  mm  or  for  fish  >40  mm  SL. 
Ail  coefficients  are  non-significant 
(P  >0.2) ,  indicating  that  although  deep 
and  shallow  fish  fad  on  many  of  the  same 
taxa,  abundant  or  frequently  occurring 
pray  wera  usually  different,  even  for 
fish  of  one  size  category. 

Data  on  the  vertical  distribution  and 
migration  of  prey  species  can  conceivab¬ 
ly  provide  important  clues  to  the  time 
and  depth  of  feeding.  Unfortunately,  de¬ 
tailed  information  for  the  eastern  North 
Pacific  Ocean  is  lacking  for  most  prey 
3?ecles.  Several  of  the  taxa  listed  in 
Table  3  have  vertical  distributions  that 
correspond  to  the  depth  of  capture  of 
the  fish.  For  example,  Paraebamiseo  pacifi¬ 
es,  an  important  prey  only  for  shallow 
fi3h,  is  reported  to  have  a  maximum 
abundance  near  the  surface  (iorz  and 
Pearcy,  1973;  Marlowe  and  Miller,  1975). 
Ostracods,  important  prey  only  for  deep 


fish,  are  thought  to  reside  primarily  m 
deep  water  3.  Frost,  personal  communica¬ 
tion!  or  subsurface  waters  Marlowe  and 
Miller,  '975;. 

Only  Stage  V  calanus  plumcf.res  were 
found  in  5zar.cscacf.ius  laueeesacus  stomaor.s. 
This  copepod  was  consumed  mainly  by  dee? 
fish  in  the  winter.  It  has  been  found  m 
greatest  abundance  in  surface  waters 
during  the  summer  months  .Peterson  and 
Anderson,  1966;  Jawed,  1973;  Marlowe  and 
Miller,  1975)  and  migrates  into  deep  wa¬ 
ter  during  the  winter  (Sekiguchi,  1975)  . 
c.  edszazus,  which  also  demonstrates  sea¬ 
sonal  migrations  from  shallow  waters  in 
the  spring  and  summer  to  deep  waters  m 
the  winter  Sekiguchi,  1975),  was  found 
only  in  fish  caught  in  shallow  waters 
during  June. 

Several  species  have  vertical  distri¬ 
butions  which  did  not  correspond  with 
our  data  on  depth  of  capture  of  fish. 
Sucalanus  bungii,  important  prey  for  deep 
fish,  has  its  greatest  abundance  in  sub¬ 
arctic  waters  within  the  upper  IOC  m 
both  day  and  night  according  to  Marlowe 
and  Miller  .1  975)  .  Candida  eolueibiae  was 
found  only  in  shallow  fish,  but  is 
thought  to  migrate  m  limited  numbers 
above  100  m  (Cameron,  '957;  Peterson  and 
Anderson,  1966;  Marlowe  and  Miller, 

1  973)  . 

Other  prey  species,  such  as  vazeisia 
pacific a  and  Supnausia  pacifies  undertake 
die!  vertical  migrations  into  the  upper 
100  m  at  night  Ori.ttor.,  i  9 5 7 ;  Marlowe 
and  Miller,  1  973)  .  These  species  were 
more  common  as  prey  for  shallow  than  for 
deep  fish,  but  could  be  consumed  by  fish 
from  both  depths.  Many  of  the  prey  also 
have  broad  vertical  distributions,  ex¬ 
tending  hundreds  of  meters  ; Marlowe  and 
Miller,  1  975!  ,  and  therefore  may  be 
available  as  prey  in  either  shallow  or 
deep  water. 


OiteuuKMi 

Our  data  indicate  that  Star.obcachius  lau- 
eopsarus  captured  at  depths  of  0  to  '00  m 
and  300  to  700  n  fed  on  many  of  the  same 
taxa,  but  the  similarity  of  diets  was 
only  40%  and  the  rank  order  of  prey  taxa 
based  on  both  frequency  of  occurrence 
and  abundances  were  different.  Moreover, 
some  common  prey  taxa  were  found  only  m 
fish  from  one  depth  of  capture.  Evidence 
from  stomach  fullness  and  3tage  of  di¬ 
gestion  of  stomach  items  also  suggests 
that  large  fish  from  both  depth  strata 
had  often  fed  just  prior  to  capture. 
Small  fish  generally  had  small  amounts 
of  well-digested  food  in  deep  water  and 
full  3tomachs  of  fresh  food  m  shallow 
water.  Small  fish  from  both  depths  also 
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ate  mostly  copepods .  Although  these 
trends  suggest  that  small  fish  may  feed 
primarily  in  surface  waters  at  night, 
the  species  composition  of  their  prey 
was  different.  Therefore,  most  indica¬ 
tions,  although  none  are  unequivocal, 
lead  in  combination  to  the  conclusion 
that  the  fish  residing  in  deep  water  by 
night  fed  at  depth,  rather  than  exclu¬ 
sively  near  the  surface  at  night. 

The  food  habits  of  Oiaphus  zhaza,  anoth¬ 
er  common  lanternfish  off  Oregon,  are 
similar  to  those  of  scanobrachi'js  iaucoosa- 
r us  from  0  to  100  m.  Of  the  prey  listed 
in  Table  4,  euphausiids,  Suphausia  pacifies 
and  y.ecddia  pacifies  also  ranked  as  the 
three  most  frequently  occurring  pray  of 
2.  theta  off  Oregon,  whereas  Calaaus  plum- 
chr-ja  and  Paceuchaaza  spp . ,  pray  occurring 
frequently  in  deep  s.  laucopsans,  were 
not  common  in  the  diet  of  0.  theca  (see 
Tyler  and  Pearcy,  1  973)  .  2.  theca  is  a 
dial  migrator  with  no  residual  mode  of 
individuals  remaining  in  deep  water  at 
night  (?earcy  ec  al . ,  1977)  .  The  similari¬ 
ties  in  the  diet  of  migratory  s.  laucopsa- 
:us  and  0.  theca,  therefore,  suggest  that 
both  species  feed  at  night  on  common 
epipelagic  prey.  The  differences  between 
deep  3.  laucopaacus  and  0.  theca  reinforce 
our  suggestions  that  deep  3.  laucoosarcs 
do  not  feed  primarily  in  near-surface 
waters . 

Feeding  periodicity,  rates  of  diges¬ 
tion  and  the  vertical  distribution  of 
prey  species  are  important  considera¬ 
tions  in  resolving  when  and  where  feed¬ 
ing  occurred.  Hopkins  and  3aird  (1977) 
•reviewed  the  papers  on  dial  feeding 
periodicity  of  mesopelagic  fishes.  They 
reported  that  distinct  feeding  cycles 
are  present  in  many  strong  migrators 
which  ascend  into  epipelagic  waters  at 
night.  These  migrators,  including  7  spe¬ 
cies  of  myctophids,  are  principally  noc¬ 
turnal  predators.  Only  two  species  of 
myctophids  were  listed  as  acyclic  feed¬ 
ers.  Tyler  and  Pearcy  (1975)  examined 
the  evidence  for  feeding  periodicity  of 
3tanobrachius  lausopaarus  by  examining  fish 
caught  mainly  in  the  upper  200  m  at 
night  and  deeper  waters  by  day.  More 
full  stomachs  occurred  in  the  night  and 
morning  (20.00  to  13.25  hr 3)  than  in  the 
afternoon  (12.30  to  20.40  hrs) .  A  larger 
percentage  of  empty  3tomachs  were  found 
in  the  afternoon,  but  full  stomachs  and 
empty  stomachs  were  found  throughout  the 
dial  period.  This  suggests  that  migrato¬ 
ry  s.  laucopsarus  feed  principally  at 
night,  but  some  fish  caught  at  depth, 
which  probably  included  a  mixture  of  mi¬ 
gratory  and  non-migratory  fish,  fed  dur¬ 
ing  the  day. 

Another  explanation  for  the  occur¬ 
rence  of  full  stomachs  and  fresh  food 


items  in  deep  Szanobrachics  iaucopsaczs 
caught  at  night  'this  study!  and  during 
the  day  Tyler  and  Pearcy,  ’9 75.  ccu_o 
be  a  slow  rata  of  digestion  and  evacua¬ 
tion  of  stomach  contents.  Although  rates 
of  digestion  have  not  been  measured 
directly  for  any  mesopelagic  fish,  3aird 
sc  al .  (  1  973)  found  that  the  myctophid 
Diaonus  zaanir.gi  contained  many  prey  items 
in  the  first  half  of  the  night  while 
those  taken  prior  to  evening  ascent  were 
"essentially  empty".  Significant  diges¬ 
tion  occurred  at  night  after  feeding  m 
surface  waters,  where  temperatures  were 
2COC  or  higher.  Consequently ,  fishes 
with  pronounced  feeding  cycles  probably 
clear  their  digestive  tracts  daily  'Hop¬ 
kins  and  3aird,  19~7).  Pates  of  diges¬ 
tion  of  s.  laucopsacjs  in  surface  waters 
that  are  rarely  over  isoc,  and  in  deep 
waters  that  are  40  to  7-C,  are  probably 
slower  than  those  suggested  by  Baird  a: 
al.  (1975! ,  however,  lethargic  fish  m 
deep  water  may  have  reduced  metabolic 
and  digestive  rates,  nevertheless,  prey 
eaten  by  day  in  dee?  water  and  later 
found  intact  in  fish  caught  in  the  upper 
100  m  at  night  could  account  for  some  or 
all  of  the  similarities  between  deep  and 
shallow  fish  in  this  study.  To  explain 
similarities  in  the  diet  by  feeding  of 
both  groups  in  surface  waters  would  re¬ 
quire  the  less  likely  condition  that 
pray  consumed  at  the  surface  are  di¬ 
gested  very  little  in  fish  that  remain 
in  deep  water  throughout  the  day  and 
part  of  the  following  night  when  they 
were  captured. 

The  adaptive  significance  of  the  bi- 
modal  nocturnal  distribution  of  this 
lanternfish  is  unknown .  Marlowe  and  Mil¬ 
ler  (*975)  found  similar  distributions 
for  some  oceanic  zooplankton  and  specu¬ 
lated  that  they  may  be  related  to  Mc¬ 
Laren  1  s  (*963)  hypothesis,  which  pro¬ 
poses  an  advantage  to  actively  feeding 
above  the  thermocline  and  assimilating 
food  in  deep,  cooler  waters.  This  im¬ 
plies  diel  migrations  of  animals  between 
the  two  depth  modes.  In  the  case  of  sza- 
r.obcacbius  laucopsarus,  however,  bimodai 
distributions  were  obvious  during  Novem¬ 
ber  and  February,  when  the  thermocline 
was  weakly  developed  (Pearcy  a:  si.,  197’! 
and  the  "energy  bonus"  would  theoreti¬ 
cally  be  small  because  of  minimal  tem¬ 
perature  differences  between  daytime  and 
nighttime  depths. 

3arham  (1971)  observed  that  about 
one-half  the  number  of  myctophids 
(largely  Ssanobracbius  laucopsarus)  3eer.  be¬ 
low  100  m  during  a  night  submersible 
dive  off  San  Diego  were  immobile  and 
vertically  oriented.  He  speculated  that 
such  myctophids  may  maintain  a  "3tate  of 
suspended  activity"  with  little  or  no 
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dial  vertical  migration  for  prolonged 
periods  of  tine  and  that  this  behavior 
nay  allow  then  to  conserve  energy  and 
remain  inconspicuous  to  predators,  .is 
pointed  out  by  3arhan,  lethargy  is  as¬ 
sociated  with  nyctophids  which  have  a 
high  lipid  content,  such  as  5.  laucopsarus 
'Mevenzai  at  al.,  1369;  3utier  and  Pear cy , 
*972;  Childress  and  Mygaard,  9 7 3 )  .  The 
energy  conserved  by  lethargic,  non-mi- 
gratory  behavior  nay  facilitate  storage 
of  large  quantities  of  calories,  as 
lipids,  which  in  turn  i3  related  to  the 
approximate  neutral  buoyancy  of  this 
species . 
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Observations  of  Upper  Ocean  Temperature  and  Salinity  Structure 
During  the  POLE  Experiment 
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School  of  Oceanography.  Oregon  Stale  University.  Corvallis  97JJ / 
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ABSTRACT 

Mid-ocean  observations  .  35*N  155*WJ  of  temperature  and  salinity  *ere  made  from  RP  Flip  during 
the  period  28  January- 14  February  1974  as  pan  of  the  NORPAX  POLE  Experiment. 

Autocorrelations  for  the  time  senes  of  depth  of  several  r.  surfaces  confirm  the  presence  of  a  semi¬ 
diurnal  internal  tide  whose  amplitude  is  about  10  m.  The  period  of  12.'  h  determined  from  the  autocorrela¬ 
tion  analysis  is  hot  statistically  significantly  different  from  the  penod  of  the  M2  semidiurnal  tide  '  12.4  hi. 
The  coherence  between  pairs  of  time  senes  of  the  depth  of  the  a.  surfaces  is  high,  ranging  from  •)  97 
to  0.91  at  the  frequency  of  the  peak  in  the  spectrum  corresponding  to  the  semi-diumal  .toe.  The 
coherence  between  a  given  <r :  surface  and  deeper  lying  surfaces  decreases  slowly  with  ne 
mean  separation  between  surfaces.  The  venical  coherence  scale  suggests  that  most  of  tne  energy  of  the 
semi-diurnal  internal  tide  is  in  the  low-order  modes.  Tne  oata  show  that  the  pnase  difference  between 
surfaces  increases  with  the  mean  separation  between  surfaces  at  the  approximate  rate  of  -35’  100  mr 
Estimates  of  the  vertical  and  horizontal  wavelengths  of  the  observed  semi-diurnai  internal  tide  are 
1  km  and  35  km,  respectively. 

One-dimensionai  mixed-layer  deepening  models  tail  to  predict  'he  mixed-layer  depths  and  tempera¬ 
tures  observed  during  POLE.  Horizontal  aovection.  as  evidenced  from  the  salinity  maximum  fre¬ 
quently  occurring  ac  the  bottom  of  the  mixed  layer  and  other  near-surface  changes  n  salinity  ana 
temperature  not  associated  with  local  surface  forcing,  are  responsible  for  the  failure.  Dunng  the  one 
penod  m  which  the  one-dimensional  models  may  be  applicable  a  same  of  the  mixing  energy  iux 
coefficient  m  »  0.0017  was  ootamed. 


1.  Introduction 

Temporal  variations  in  upper  ocean  temperature 
and  salinity  structure  are  caused  by  the  exchange 
of  energy,  momentum  and  mass  across  the  air-sea 
interface  and  by  advection.  To  better  understand 
upper  ocean  processes  and  evaluate  existing  param- 
etenzations  of  such  processes,  the  POLE  Experi¬ 
ment,  a  component  of  the  North  Pacific  Experi¬ 
ment  (NORPAX)  was  conducted  during  the  period 
28  January- 14  February  1974. 

The  experimental  site  (near  35°N.  1555W)  is  shown 
in  Fig.  1.  The  North  Pacific  Current  dominates  the 
general  circulation  of  this  region.  The  observational 
area  lies  in  the  transition  zone  between  the  trade 
winds  to  the  south  and  the  westerlies  to  the  north. 
Large-scale  changes  in  the  curl  and  divergence  of  the 
wind  stress  and  in  the  exchange  of  heat  and  mass 
occur  in  such  a  region.  Superimposed  on  this  flow 
are  several  other  features  which  complicate  the 
hydrodynamics  of  the  region.  The  subtropical  front 
is  known  to  meander,  in  the  mean,  between  3P  and 
33°N  (Roden.  19741.  Observations  (Roden.  1970. 
1972)  suggest  that  in  winter  the  horizontal  tempera- 
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ture  and  salinity  gradients  contribute  approxi¬ 
mately  equally  to  the  density  gradient,  while  :n 
summer  the  temperature  gradient  weakens.  The 
horizontal  salinity  gradient  appears  to  remain  about 
the  same  throughout  the  year.  The  region  of  the 
trade  winds  northeast  of  the  Hawaiian  Island  Chain 
has  upward  fiuxes  of  latent  heat  in  excess  of  9  5 
mW  cm~;  over  a  24  h  penod.  This  leads  to  the  forma- 
cion  of  a  high-saiinity  Subtropical  Water  Mass  which 
contrasts  markedly  with  the  less  saline  eastern 
Pacific  Central  Water  charactenstically  found  north 
of35*N.  This  saline  subtropical  water  can  penetrate 
to  depths  as  great  as  200  m  iReid.  1965:  Seckel. 
1968). 

The  purpose  of  this  paper  is  to  report  observa¬ 
tions  of  temperature  and  salinity  obtained  during  a 
15-dav  penod  of  intensive  sampling  from  R  P  Flip  as 
part  of  the  NORPAX  POLE  Expenment  and  to 
interpret  these  observations  in  terms  of  physical 
processes,  both  local  and  advective.  which  mignt 
explain  the  observed  structure. 

2.  Observations 

Vertical  profiles  of  temperature  and  salinity  were 
taken  from  RP  Fiip.  ^Floating  Instrument  Plat¬ 
form  i  Bronson  and  Glosten.  1968>!  throughout 
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Fio.  I  The  POLE  Expenmem  was  jonducted  in  :he  central 
North  Plane  approximately  300  mties  north  of  :ne  Hawaiian 
Uiands.  ft.P  Flip  occupied  a  station  centered  around  353N .  ;55’W 
The  region  is  hydrograpmcally  complex. 

the  period  30  January-  14  February  1974,  approxi¬ 
mately  300  mt  north  of  the  Hawaiian  Island  Chain 
under  free  drift  conditions.  Flip  is  a  large  manned 
spar  buoy  with  approximately  90  m  of  its  130  m 
length  submerged,  resulting  in  a  high  degree  of 
stability.  Typical  heave  amplitudes  were  about  10 
cm.  while  pitch  and  roil  amplitudes  were  usually  less 
than  2°.  The  position  of  Flip  ranged  from  35’39'  to 
34°36'N'  and  from  1 55305 '  to  155’25'W,  Profiling  was 
concentrated  in  the  surface  layer  and  thermoclme. 
The  maximum  depth  reached  was  325  m.  On  aver¬ 
age.  eight  profiles  were  measured  Der  day.  On  occa¬ 
sion.  more  intensive  sampling  was  maintained. 

In  addition  to  profiles  of  temperature  and 
salinity,  measurements  of  atmospheric  radiation 
(Simpson  and  Paulson,  1979a)  and  oceanic  irradi- 
ance  (Paulson  and  Simpson.  1977)  were  made.  Sea 
surface  temperature  was  measured  with  a  Barnes 
Engineering  Company  PRT-5  radiation  thermometer 
(Simpson  and  Paulson.  1979b).  Standard  cup 
anemometers  were  used  to  measure  wind  speed. 
Dry-  and  wet-bulb  temperatures  were  measured 
approximately  hourly  by  use  of  a  ventilated 
psychrometer.  Bucket  temperatures  were  recorded 
at  the  same  time.  Estimates  of  wind  stress  and  latent 
and  sensible  heat  flux  were  obtained  by  use  of  the 
standard  bulk  formula.  The  exchange  coefficient 
used  was  1.4  <  10-1.  Hourly  values  of  observed 
and  derived  quantities  are  shown  in  Fig.  2.  These 
values  were  obtained  by  interpolating  between 
observations  using  a  cubic  spline. 

Direct  measurements  of  the  latent  and  sensible 
heat  flux,  using  the  eddy  correlation  technique. 


were  made  ,  Fr.ehe  and  Schmitt.  The  vari¬ 

ability  of  ’.he  near-surface  currents  was  observed 
with  a  vertically  profiling  current  meter  system 
and  with  drogues  Davis  ei  at..  1973). 

3.  Instrumentation 

A  Bissett- Berman  Model  9040  Saiinitv/Tempera- 
ture.  Depth  i  STD»  Measuring  System  was  used  as  the 
profiling  device.  Temperature  is  determined  with  a 
platinum  resistance  thermometer  having  a  time 
constant  of  0.35  s.  according  to  the  manufacturer. 
Salinity  is  determined  from  simultaneous  measure¬ 
ments  of  conductivity,  temperature  and  depth.  The 
time  response  of  the  conductivity  probe  is  10  ms. 
Unfortunately,  conductivity  is  not  the  recorded 
variable.  Rather,  the  instrument  internally  compen¬ 
sates  for  the  effects  of  temperature  and  pressure 
and  gives  a  direct  estimate  of  salinity  Accuracies 
for  depth,  temperature  and  salinity  are  1  m.  0.0 1'C 
and  0.03%o.  with  corresponding  resolutions  of  0  2  m. 
0.005’C  and  0.0  TW  Data  were  recorded  in  digital 
form  with  a  sampling  rate  of  5  Hz. 

Temperature  was  standardized  against  a  Mueiler 
platinum  resistance  bridge.  Salinity  was  standardized 
with  reference  to  surface  samples  taken  during  each 
profile.  A  Bisset-Berman  Model  6230  inductive 
salinometer  was  used  to  determine  the  salinity  of 
the  surface  samples.  This  device  can  accurately  re¬ 
solve  salinity  to  within  0.003“V 

A  correction  was  applied  to  the  depth  signal  to 
eliminate  the  effect  of  ambient  atmospheric  pres¬ 
sure.  Corrections  due  to  platform  motion  were 
unnecessary,  as  the  amplitude  of  Flip's  vertical 
oscillations  is  typically  10  cm. 

Spectral  analysis  of  GATE  B-scale  data,  taken 
with  Bisset-Berman  Model  9040  STD  s,  suggests 
that  a  large  percentage  of  the  vanance  associated 
with  the  pressure  signal  is  contributed  at  frequencies 
>0.67  Hz.  This  variance  is  thought  to  be  internal 
system  noise  i Elliot.  1975).  The  GATE  results  sug¬ 
gest  that  a  low-pass  filter  is  required  to  attenuate 
signals  above  0.67  Hz.  A  two-stage  running  mean 
filter,  designed  by  Holland  (1968).  was  used. 

Differences  in  the  time  constants  of  the  tempera¬ 
ture  and  salinity  sensors  introduce  errors  in  the  ob¬ 
served  values  of  temperature  and  salinity.  To  cor¬ 
rect  the  temperature  signal  for  the  thermal  inertia 
of  the  sensor,  a  local  temperature  gradient  was 
calculated  from  a  12-point,  noncentertd.  linear  re¬ 
gression.  The  center  of  the  regression  is  0.3  s 
ahead  of  the  point  to  be  corrected.  The  corrected 
temperature  T ,  is  then  given  in  terms  cf  the  uncor¬ 
rected  temperature  T„  i.e.. 

T,  -  T,  -  v  —  .  ,3.1) 

St 
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Fto.  2.  Hourly  values  of  'he  surface  u..  surface  saiinuy ,  sea  surface  temperature,  total  heat  flux  at  the 
surface  Qt-  wind  stress  r.  and  the  mixed-layer  depth  MLD.  Hourly  values  were  obtained  by  interpolating 
between  observations  using  a  cubic  spline.  The  origin  of  the  abcissa  is  1000  GMT  28  January  i9~-i 


where  y  is  the  response  time  of  the  temperature 
sensor. 

The  salinity  correction  is  based  on  a  relation 
(Mosetti.  1967)  between  the  conductivity  C  and  the 
measured  temperature  and  salinity  T„  and  5,: 

C  -  (T  +  (iTS)SS.  (3.2) 

where  V  =■  1.17013.  n  =  0.03299.  k  =  1.05237  and 
h  *  1.10807.  As  this  relation  is  assumed  to  hold 
for  both  corrected  and  measured  values,  the  correc¬ 
tion  factor  assumed  the  form 


The  corrected  salinity  5-,  specified  in  terms  of  the 
observed  salinity  5„,  then  assumes  the  form 


J,  =  5„{(\  -  l)f  -  1’,.  (3.4) 

This  relation  reduces  to  the  correction  used  by 
Elliot  (1975)  for  the  case  sc  =  1.  The  factor  f  is 
introduced  to  minimize  the  cumulative  magnitude  of 
the  inversions  in  the  density  profiles  determined 
from  the  corrected  profiles  of  temperature  and 
salinity.  Observations  of  density  inversions  are  most 
likely  introduced  by  erroneous  salinity  measure¬ 
ments  made  in  the  presence  of  sharp  temperature 
gradients.  Occasionally,  turbulence  in  the  water 
may  cause  real  density  inversions  which  can  per¬ 
sist  only  for  brief  periods.  The  corrected  salinity 
was  low-pass  filtered,  in  a  manner  analogous  to 
pressure.  Numerous  numerical  experiments  indi¬ 
cated  that  the  observed  density  inversions  were 
minimized  with  ‘  *  6.  The  resulting  triplets  T.. 
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Ftc.  3.  Examples  of  uncorrecced  and  corrected  temperature,  ialintiy  and  density  profiles  fora  typical 
hydrocast.  Corrections  were  made  for  the  difference  in  the  time  response  of  the  oonouctivitv  and 
temperature  sensors. 


SCJ))  were  averaged  over  1  m  intervals,  and 
standard  depth  values  computed  by  interpolation 
from  the  averaged  data  sets.  The  <7.  profiles  were 
computed  using  a  series  expansion  in  terms  of  the 
corrected  temperature  and  salinity  i  Fofonoff  and 
Tabata.  1958;  -.weers,  1971).  In  Fig.  3  unconnected 
and  corrected  profiles  of  temperature,  salinity  and 
a,  are  shown  for  a  typical  observation.  A  data 
report  summarizing  all  the  STD  observations  has 
been  prepared  (Simpson  and  Paulson,  1977). 

4.  Surface  conditions 

a.  Surface  wind  stress 

The  observational  period  was  characterized  by 
low  wind  speeds.  The  wind  stress,  calculated  from 
the  bulk  formulas  with  a  drag  coefficient  of 
1.4  x  10'1,  has  a  mean  value  of  0.66  dyn  cm'1  <  10 
dyn  cm*1  *  l  Pa).  For  one  3-day  period  the  wind 
stress  is  considerably  less  than  0.5  dvn  cm'1. 
From  Fig.  2  it  is  evident  that  only  two  penods  of 
relatively  high  winds  occurred  during  the  experi¬ 
ment:  one  near  the  center  of  the  experiment  with  a 
maximum  wind  stress  of  2.7  dyn  cm*!  and  the  other 
at  the  end  of  the  experiment  with  a  maximum  wind 
stress  of  3.3  dyn  cm'1. 

b.  Surface  heat  flux 

The  net  all-wave  and  longwave  radiative  fluxes 
were  measured  with  a  Swtssteco  Pty.  Ltd.  MS-1 


net  radiometer  and  a  Middleton  Instruments  net 
longwave  radiometer,  respectively.  The  net  all¬ 
wave  radiative  flux  includes  radiation  in  the  band¬ 
width  0.3-60.0  /im.  The  net  solar  flux  was  meas¬ 
ured  with  Epplev  radiometers.  The  latent  and  sensi¬ 
ble  heat  fluxes  were  determined  from  standard 
meteorological  observations,  using  :he  bulk  formu¬ 
las  and  a  drag  coefficient  of  1.4  *  10';  The  total 
heat  flux  Or  was  computed  from  these  observa¬ 
tions.  The  sea  surface  temperature  was  constructed 
by  extrapolating  the  1  m  temperature  values,  meas¬ 
ured  with  the  STD.  to  the  surface.  Hourly  values 
(shown  in  Fig.  2)  of  these  surface  variables  were 
obtained  by  interpolating  between  observations  with 
a  cubic  spline. 

The  net  all-wave  flux  dominated  the  surface 
heat  balance  for  most  of  the  experiment.  However, 
midway  through  the  experiment  enhanced  surface 
cooling  occurred.  An  increase  in  wind  speed  during 
this  period  resulted  in  a  large  latent  heat  transfer. 

The  sensible  heat  flux  never  exceeded  =2.0  rrrfv 
cm'1  (l  mW  cm'1  *  10  W  m'1)  and  typically  was 
less  chan  =1.0  mW  cm'1.  Friehe  and  Schmitt 
1 1974)  computed  average  values  of  the  latent  and 
sensible  heat  fluxes  for  the  17  days  of  observations. 

They  found  that  the  sensible  heat  flux  was  two 
orders  of  magnitude  less  than  the  latent  heat  flux  for 
this  period.  They  report  an  average  Bowen  ratio 
of  0.013,  substantially  less  than  the  commonly  j 

used  value  of  0. 1 .  ’ 
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Table  i.  Daily  heat  fiux  budgets  for  'he  POLE  experiment 
computed  symmetrically  about  local  solar  noon.  Ail  anus  are  in 
mW  cm~;  and  represent  average  values  over  all  h  period.  Heat 
gain  by  the  ocean  is  assumed  positive. 


Date 

February 

1974 

Total 
heat  fiux 

Radiative 
heat  fiux 

Turbulent 
heat  fiux 

3 

-l.l 

3.1 

-6.2 

4 

6.3 

7.0 

-0.7 

3 

6.1 

6.7 

-0.6 

6 

-0.3 

3.1 

-5.6 

-8.9 

7.6 

-16.3 

3 

-2.3 

6.3 

-8.6 

9 

1  A 

4  0 

-1.8 

10 

3*3 

4.4 

-l.l 

il 

2.4 

5.7 

-3.3 

|2 

2.3 

4.3 

-2.2 

A  daily  heat  budget  is  given  in  Table  I.  Heat  gain 
by  the  ocean  is  taken  positive.  Daily  flux  values  were 
calculated  as  a  centered  average  about  locai  solar 
noon  (time  zone  W).-  These  results  indicated  that 
the  ocean  gained  heat  for  six  days,  was  in  near- 
thermal  equilibrium  with  the  atmosphere  for  two 
days,  and  lost  heat  for  two  days.  These  results, 
coupled  with  the  observed  low  wind  stress,  indi¬ 
cate  that  upper  ocean  dynamics  might  have  been 


;  W  time  -  GMT  -  10  h. 


»9.£  -EmWbK 

tows  ctMKjem 


dominated  by  net  surface  heating  for  a  pan  of  the 
experiment. 

c.  Mass  and  buoyancy  flux 

Oniy  one  period  of  intense  precipitation  occurred 
during  the  expenment.  Overall,  evaporation  and 
precipitation  were  in  near  equilibnum.  with  pre¬ 
cipitation  exceeding  evaporation  by  23  mg  cm'1. 

At  the  surface  the  buoyancy  flux  V/.,  is  determined 
by  air-sea  transfer  (Dorrestein.  I9"9) 

>/.,  =  zp-'[PQt<;'  -  <SiR  -  E)  -  ?±TR].  (4.1) 

where  g  is  the  acceleration  due  to  gravity,  p 
the  density  of  seawater.  3  the  thermal  coefficient 
of  expansion  for  seawater.  Q~  the  total  heat  flux  at 
the  surface,  c ?  the  specific  heat  of  seawater  at 
constant  pressure.  <  the  saline  coefficient  of  con¬ 
traction,  5  the  surface  salinity.  E  and  R  are  the 
evaporation  and  precipitation  rates,  respectively, 
ana  IT  is  the  difference  in  temperature  between 
the  precipitated  water  and  the  surface  water.  Mass 
gain  by  the  ocean  is  positive.  Hourly  values  of  the 
surface  temperature,  salinity  and  density  are  shown 
in  Fig.  2.  These  time  series  show  the  expected 
diurnal  variation  associated  with  daytime  heating 
and  nighttime  cooling.  Overall,  the  mass  flux  at  the 
interface  had  little  influence  on  the  buoyancy  flux, 
except  possibly  during  one  brief  period  of  precipita¬ 
tion  which  occurred  near  midnight  on  5  February 
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Fig.  4.  Profiles  of  temperature  taken  during  the  expenntentai  period.  The  spacing  between  adjacent  profiles  is  proportional  :o  the  time 

difference  between  hydrocaats. 
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FiO.  J.  Profiles  of  cr.  caken  during  the  experimental  period.  The  spacing  between  adjacent  profiles  is  proportional  to  the  time  difference 

between  hydrocasts. 


i  Simpson.  1977).  The  net  heat  flux  at  the  surface  at  which  the  density  is  not  more  than  0.02  cr.  units 
dominated  the  buoyancy  flux  throughout  the  ex-  less  than  the  density  at  a  depth  of  5  m.  Diurnal 
periment.  variations  in  mixed-layer  depth  resulting  from  local 

surface  processes  are  evident.  The  low  wind  speeds 
5.  The  surface  layer  and  positive  total  heat  fluxes,  which  characterized 

the  POLE  Experiment,  favored  the  formation  of 
Profiles  of  temperature  and  cr,  for  the  entire  experi-  warm  shallow  surface  layers  of  nearly  uniform 
ment  are  shown  in  Figs.  4  and  5.  respectively,  density,  shown  in  Fig.  4.  Such  features  persisted 
The  spacing  between  adjacent  profiles  is  propor-  until  periods  of  sustained  high  winds  occurred, 
tional  to  the  time  interval  between  measurements,  whereupon  the  depth  of  the  mixed  layer  was  re- 
The  seasonal  thermocline  is  at  a  depth  of  -100  m.  established  between  50  and  60  m. 

However,  for  large  periods  of  time  the  layer  above  The  only  significant  departures  from  this  pat- 
the  seasonal  thermocline  is  far  from  well  mixed,  tern  occurred  midway  into  and  at  the  end  of  the  ex- 
Temperature  inversions  are  frequently  seen  at  the  periment.  The  period  6-8  February  is  marked  by 
base  of  the  mixed  layer.  These  inversions  are  com-  intermittently  high  wind  stress  i frequently  >2.5 
pensated  by  observed  salinity  maxima  so  that  the  dyn  cm'1)  and  enhanced  evaporative  and  net 
density  profile  is  stable.  Steplike  structure  and  longwave  heat  fluxes.  These  processes  combined 
multiple  isothermal  layers  frequently  form  in  the  to  produce  the  period  of  sustained  deepening 
surface  layer  during  periods  of  low  winds  and  net  shown.  Initially,  high  wind  stress  ir  =  2.9  dyn  cm'1' 
heat  gain  at  the  surface.  During  subsequent,  though  resulted  in  a  period  of  rapid  deepening  during  the 
brief,  periods  of  high  winds  these  features  are  15  h  interval  beginning  200  h  after  the  initiation 
eroded  quickly.  Comparison  of  the  temperature  and  of  observations.  A  subsequent  quiescent  period 
cr,  profiles  indicates  that  the  density  structure  was  ir  a  0.5  dyn  cm'1)  allowed  for  the  quick  reestablish- 
determined  principally  by  temperature.  ment  of  a  warm,  light  surface  layer.  During  the 

The  well-mixed  layer  usually  consists  of  the  upper  interval  230-270  h  into  the  experiment,  sustained 
10  to  100  m  of  the  ocean,  is  characterized  by  winds  again  occurred  ir  >  2.0  dyn  cm'1)  and  the 
nearly  uniform  density  structure,  and  responds  rapid  and  sustained  deepening  shown  in  Fig.  2 
directly  to  atmospheric  forcing  for  time  scales  followed. 

greater  than  an  hour.  The  mixed-layer  depth.  Contours  of  cr.  for  the  observational  period  are 
shown  in  Fig.  2.  is  defined  as  the  shallowest  depth  shown  in  Fig.  6.  The  scale  at  the  base  of  the  figure 
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Fic.  6.  The  tsopvcnaJ  distribution  observed  during  POLE.  The 
contour  interval  is  0. 1  o',  amts.  The  y.  surfaces  show  strong 
semi-diurnal  variation  in  vertical  amplitude  about  their  mean 
position. 


indicates  the  time  at  which  a  given  STD  profile 
was  made.  Convergence  of  the  isopvcnais  between 
50  and  80  m  occurs  during  periods  of  high  winds. 
The  isotherms  behave  in  a  similar  fashion.  This 
feature  is  absent  in  the  isohaline  contours  'Simpson. 


1977),  suggesting  that  the  temporal  variations  in  the 
density  structure  of  the  upper  100  m  are  due  pri¬ 
marily  to  thermal  processes. 

During  periods  of  calm  winds,  a  warm  surface 
layer,  corresponding  to  the  25  4  isopycnal,  formed 
rapidly.  Thus,  for  pan  of  the  observational  period 
the  ocean  gained  heat  due  to  surface  processes, 
acting  on  diurnal  time  scales  or  longer,  and  inter¬ 
mittently  took  on  some  of  the  characteristics  of  a 
summenime  well-mixed  layer.  These  observations 
are  consistent  with  those  of  Barnett  (1976).  who 
found  that  the  total  heat  content  down  to  a  depth  of 
300  m  along  a  170°W  section  at  approximately 
30aN  was  slightly  greater  in  February  than  in 
January. 

6.  The  subsurface  layer 

Time  series  of  depth  for  selected  <j ■  surfaces 
occurring  at  a  depth  below  60  m  are  shown  in  Fig.  *. 
All  the  time  series  show  a  strong  semi-diurnal 
variation  in  vertical  amplitude  about  their  mean  posi¬ 
tion.  These  time  series  correspond  to  <r,  surfaces 
of  25.6.  25.9.  26.0  and  26.1  and  occur  at  mean 
depths  of  92.1.  106.3.  124.7  and  163.2  m.  respec¬ 
tively.  The  first  four  central  moments  for  each  time 
series  are  given  in  Table  2.  The  upper  three  j. 
surfaces  all  have  a  positive  skewness  ranging  from 
0.43  icr,  =  25.6)  to  0.33  i(7.  *  26.0).  Oniy  the  deepest 
surface  Ur-  =  26. !)  has  a  slightly  negative  skewness. 
s  =  -0.04.  The  positive  skewness  of  these  records 
suggests  they  are  similar  to  surface  gravity  waves. 
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Fig.  ?.  Time  senes  or'  depth  of  four  <r-  surfaces  occumng  oelo*  60  m.  The  time 
senes  correspond  ro  the  25. 0.  25.9,  26  0  and  26.1  vr.  surfaces  ai  mean  depths 
of*  92.1.  ;06.3.  !2**.*  ana  .65  2  m.  resoecnvely. 
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T\8le  2.  Statistical  parameters  for  the  v.  surfaces  shown  in 
Fig.  7.  The  skewness  S  and  kurtosis  K  are  normalized  oy  r1 
ind  it',  respectively,  where  a  is  the  standard  deviation. 


Jr 

Mean 

depth 

(ml 

Standard 

deviation 

(m> 

5 

K 

25.6 

92.1 

6.9 

43 

2.97 

25.9 

106.3 

6.6 

46 

3.05 

26.0 

(24.7 

6.9 

33 

3  35 

26  1 

163.2 

9.4 

-  04 

3.39 

The  kurtosis  is  close  to  3  for  all  of  the  records  sug¬ 
gesting  the  variations  in  amplitude  of  a  given  sur¬ 
face  are  nearly  normally  distributed.  However, 
the  kurtosis  increases  with  depth,  reaching  a  maxi¬ 
mum  value  of  3.39  ( a ,  -  26.1).  This  suggests  that 
progressively  deeper  surfaces  are  less  well-approxi¬ 
mated  by  a  normal  distribution. 

The  autocorrelation  function  of  a  signal  ui  i )  hav¬ 
ing  zero  mean  is 


uU)u(t’) 

«* 


(6.1) 


where  the  time  difference  r’  =  r'  —  r.  It  provides  a 
measure  of  the  time  interval  over  which  u<n  is 
correlated  with  itself.  Autocorrelations  for  the  four 
<t,  surfaces  are  shown  in  Fig.  8.  The  unit  of  lag 
is  14.36  min.  and  the  length  of  the  series  is  15.5 
days.  Several  features  are  evident  from  these  auto¬ 
correlations.  The  autocorrelation  function,  char¬ 
acteristic  of  turbulent  processes,  is  well  damped. 


-o«- 
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Fig.  1  Autocorrelation  functions  for  the  v.  jurfaces  observed 
during  POLE.  The  unit  of  lag  is  W. 36  min  and  the  length  ot'  the 
senes  is  15.5  days.  The  period  of  the  oscillauon  is  12.68  h.  close 
to  that  of  the  semi-diurnal  M2  tide.  12.42  h. 


may  become  slightly  negative  after  a  few  lags  and 
then  rapidly  approaches  zero.  This  insures  that  the 
integral  scale  for  the  turbulent  process  is  small. 
By  contrast,  the  autocorrelation  function  for  each  of 
the  er.  surfaces  in  Fig.  7  shows  an  oscillatory 
behavior,  remaining  highiy  coherent  for  a  period  of  2 
days  or  longer.  The  oscillatory  pattern  shown  in 
Fig.  8  has  a  period  of  12.7  h  This  period  is  not 
statistically  significantly  different  from  the  semi¬ 
diurnal  M2  tidal  period  of  12.4  h  iDefar.t.  1961 1. 
This  suggests  the  presence  of  a  semi-diurnal  internal 
tide. 

A  frequency  spectrum  for  each  of  the  four  < r. 
surfaces  is  shown  in  Fig.  9.  Most  of  the  variance 
occurs  at  periods  corresponding  to  the  semi¬ 
diurnal  period  or  longer.  Considerable  energy  occurs 
at  the  inertial  period:  for  a  latitude  of  355  the  inertial 
period  77,  corresponds  to  20.8  h.  For  periods  less 
than  the  semidiurnal  period,  the  spectrum  falls  off 
rapidly. 

Phase  and  coherence  spectral  estimates  were  cal¬ 
culated  for  the  various  combinations  of  ar,  surfaces. 
These  spectra  are  shown  in  Figs.  10  and  11.  re¬ 
spectively.  The  values  of  the  coherence  and  phase  at 
the  frequency  corresponding  to  the  peak  in  the  co¬ 
herence  spectrum  for  each  pair  are  given  in  Table  V 
The  peak  in  the  coherence  spectrum  corresponds 
to  a  period  of  1 1.5  h.  close  to  the  M2  semi-diurnal 
tidal  period.  The  length  of  the  time  senes  prevents 
finer  spectral  resolution  of  the  frequency  scale. 
The  coherence  among  all  pairs  is  high,  ranging  from  a 
maximum  value  of  0.97  for  both  the  25  6-25.9  and 
25  9-26.0  pairs  to  a  low  of  0.91  for  the  25  6-26.0 
pair.  The  coherence  between  pairs  of  rr-  surfaces 
is  shown  as  a  function  of  the  mean  separation  be¬ 
tween  surfaces  in  Fig.  !2. 
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Fig.  9  Individual  spectra  for  the  tour  t.  surfaces.  The  semi¬ 
diurnal  spectral  peak  occurs  at  (2.6  h.  For  periods  selow  -.he 
semi-diurnal,  ihe  spectra  fall  orT  rapidly. 
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Fig.  10.  Average  coherence  spectrum  for  the  various  com¬ 
binations  of  cr.  surfaces.  The  error  estimate  is  one  standard 
deviation  of  the  four  oand-averaged  coherence  spectra  aoout  the 
mean.  A  high  coherence  >0.91  «  COH  «  0.971  at  the  peak  in  the 
spectrum  occurs  for  all  pairs. 

The  coherence  between  a  given  cr.  surface  and 
deeper-lying  surfaces  decreases  slowly  with  the 
mean  separation  between  surfaces.  An  estimate  of 
the  vertical  wavelength  \,  of  the  semi-diurnal  inter¬ 
nal  tide  can  be  calculated  from  the  coherence  vs 
mean  separation  data  by  fitting  the  data  to  different 
types  of  curves.  A  parabolic  least-squares  fit  of 
coherence  as  a  function  of  mean  separation  between 
ov  surfaces,  forced  through  the  point  iO.t.0)  sug¬ 
gests  that  an  approximate  length  scale  at  which  the 
coherence  tails  to  zero  is  170  m.  Since  this  zero 
crossing  corresponds  to  one-fourth  the  vertical 
wavelength,  the  estimate  of  \  ?btained  from  the 
parabolic  fit  is  0.7  km.  The  uncertainty  in  this 
length  scale  is  high.  Data  at  depths  >200  m  were 
not  routinely  taken,  hence  the  shape  of  the  curve  of 
the  coherence  vs  mean  separation  is  uncertain.  The 
assumed  parabolic  dependence  may  be  unrealistic. 
The  same  data  fit  to  a  cosine  curve  forced  through 
the  point  (0,1.0)  has  a  zero  crossing  at  180  m  corre- 
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Fig.  It.  Average  phase  spectrum  for  the  various  combinations 
of  surfaces.  The  error  estimate  is  one  standard  deviation  of  the 
four  band-averaged  phase  spectra  about  the  mean. 


Tvble  3  Conerence  ind  ohase  estimators  for  the  r  mrraces 
shown  in  Fig.  '  Values  corresoonu  :o  ihe  rrequencv  ai  :ne  sea*, 
in  the  conerence  >pectrum.  li.i*  n 
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Mean 
reparation 
i  mi 

Coherence 

Phase 

23.6/25.9 

16  3 

0.97 

-i 

23.626.0 

32.6 

0.95 

-3 

23,626.1 

’1.  i 

0  91 

-23 

23.9'26.0 

1*9 

0  97 

- 1 1 

23.9(26.1 
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sponding  to  a  quarter-wavelength.  This  fit  suggests 
that  an  estimate  of  the  vertical  wavelength  is  v.. 
»  0.7  km.  which  is  the  same  as  the  previous  esti¬ 
mate.  Parabolic  and  cosine  fits  without  forcing  the 
curves  through  the  point  i0. 1 .0)  yielded  estimates  of 
=  0.9  and  1.2  km.  respectively.  For  the  calcula¬ 
tions  that  follow  a  value  of  A..  »  I  km  is  assumed. 
The  vertical  wavelength  is  approximately  equal  to 
one-third  the  total  depth,  implying  third-order 
modal  dynamics  dominate  the  signal. 

The  phase  estimators  between  different  or.  sur¬ 
faces.  corresponding  to  the  frequency  of  the  peak  in 
the  coherence  spectrum,  are  shown  in  Fig.  13  as  a 
function  of  the  mean  separation  between  surfaces. 
The  figure  suggests  that  for  a  given  <r.  surface, 
deeper  lying  surfaces  lag  the  given  surface  by  an 
amount  dependent  on  the  mean  separation  between 
surfaces.  The  only  exception  is  the  25  6-25.9  pair 
for  which  the  25.9  surface  leads  the  25.6  surface 
by  8°.  The  data  suggests  that  the  phase  difference 
increases  with  separation  at  the  approximate  rate 
of  -35’  (100  mf.  This  value  yields  an  estimate 
of  the  vertical  wavelength  \,.  =  1.2  km  which  is 
consistent  with  our  previous  estimate.  Deeper  iying 
surfaces  lagging  shallower  surfaces  is  consistent 
with  upward  energy  propagation  (e  g..  Turner. 
1973). 

The  dispersion  relation  for  an  internal  wave 
under  the  assumption  of  a  linear  density  gradient 
and  the  Boussinesq  approximation  (Turner.  1973)  is 


SEPARATION  N  METERS 

Fig.  12.  Coherence  is  a  function  of  mean  separation  between 
<7.  surfaces.  An  estimate  of  ;he  vertical  wavelength  from  he 
coherence  vs  depth  data  is  vr  -  I  km. 


V'OLIME  9 


878 


JOURNAL  OF  PHYSICAL  OCEANOGRAPHY 


30 


20^- 


</! 

UJ 

UJ 

X 

& 


Oh 


0  j- 


20  10  AO  50 


UJ 

<  -.OK 
r 
0. 


-30h 


-AO1- 


3C  5«oarction  :n  -n»i»n 
— -  '.t£AM 


Fio.  13.  The  phase  esiimaurit  :ne  frequencv  vending  to  the  pea*  in  the  ronerence 
spectrum  as  a  function  of  th*  mean  separation  oetwesr.  t.  surfaces.  The  data  suggest  that  the 
phase  difference  between  sut  faces  .ncreases  with  tne  mean  separation  between  surfaces  at 
the  approximate  rate  of  -3 5  >  100  itl)*' 


where  cu  is  the  wave  frequency,  .V  :rv*  buovancv 
frequency  and  k  and  m  are  the  vertical  and  hori¬ 
zontal  wavenumbers,  respectively.  She  buoyancy 
frequency  was  determined  from  the  observed 
density  using  the  relation 

2  dp  l  i 

•V  *  ~z\  I  •  -6.3) 

p  dz 

where  g  is  the  acceleration  due  to  gravity,  p  the 
mean  density  and  dpi  dz  the  observed  vertical 
gradient  of  density.  The  buoyancy  frequency  3t  a 
depth  of  145  m  was  calculated  from  the  mean  depths 
of  the  u.  *  26.0  and  <r,  =  26.1  surfaces.  The 
mean  separation  between  these  surfaces  is  Ac 
»  38.5  m  and  the  density  difference  is  Ap  »  0. 1 
x  10*1  g  cm*J.  Thus,  the  buoyancy  frequency  is  2.9 
cycles  h"1.  The  buoyancy  frequency  is  the  upper 
limit  of  frequency  for  which  internal  wave  motions 
can  exist  in  a  stratified  fluid.  For  low-frequency 
motions  kz  <  m*  and  the  dispersion  relation 
simplifies.  With  cu  *  l,i:  eph,  V  =  3  eph  and  m 
■  1  km'1  an  estimate  of  the  horizontal  wavelength 
is  A*  *  36  km.  For  <V  =  2.5  eph.  the  horizontal 
wavelength  is  A*  *»  30  km.  In  making  these  estimates 
of  tire  horizontal  wavelength  a  value  of  the  buoyancy 
frequency  at  shallow  depth  (145  m)  was  used  since 
STD  casts  were  not  taken  routinely  at  great  depths . 
The  buoyancy  frequency  may  be  smaller  further 
down,  say  at  500  m.  and  a  deeper  value  of  .v  may 
be  more  appropriate  since  the  vertical  wavelength 
A,  »  l  km.  In  the  dispersion  relation  f Eq.  (6.2)) 
effects  of  rotation  were  neglected.  However,  such 
effects  would  decrease  the  estimate  of  v„  by  no  more 
than  20fS. 


Observations  of  the  semi-diurnal  internal  tide  in 
the  central  Pacific  (42°N.  l58°Wi  have  been  re¬ 
ported  by  Barnett  and  Bernstein  >  i 9" 5  > .  Their  ob¬ 
servations  suggest  that  the  vertical  displacement  of 
isotherms  is  between  5  and  ,0  m.  in  good  agreement 
with  the  presently  reported  resuits.  The  validity  of 
Barnett  and  Bernstein  s  use  of  isotherms  as  a 
tracer  of  vertical  water  movement  is  degraded  by 
the  presence  of  weak  temperature  gradients  and 
temperature  inversions  which  frequently  occurred 
in  their  data  at  the  100  m  level.  If  one  ignores  the 
data  at  the  100  m  level,  the  coherence  between 
the  “5  and  150  m  levels  is  0.84  and  between  the  50 
and  150  m  levels  is  0.76  with  phase  shifts  of  -4° 
and  -  13°.  respectively.  These  values  of  coherence, 
while  smaller  than  those  presently  reported,  are 
in  good  qualitative  agreement  with  our  observa¬ 
tions.  The  coherence  between  isotherms  might  be 
expected  to  be  less  than  that  between  isopvcnais 
because  density  is  a  better  tracer  of  water  motion 
than  is  temperature.  The  phase  estimates  of  Barnett 
and  Bernstein  agree  in  sign  and  approximate  magni¬ 
tude  with  the  observations  reported  here.  Both  sets 
of  observations  suggest  that  deeper-tying  surfaces 
lag  a  given  surface  by  an  amount  dependent  on  the 
mean  separation  between  surfaces  This  result  is 
consistent  with  an  interpretation  of  upward  propaga¬ 
tion  of  energy. 

One  may  make  an  estimate  of  the  horizontal  wave¬ 
length  of  the  semi-diurnal  internal  tide  based  on  the 
phase  difference  between  the  moonngs  reported  n 
Barnett  and  Bernstein  1 1975).  Thev  observed  a  co¬ 
herence  of  0.7  and  a  phase  difference  of  5"’  between 
temperature  signals  measured  from  two  moonngs 
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5.2  km  apart.  If  one  assumes  that  the  wave  crests 
were  oriented  perpendicular  to  the  line  between 
moorings,  an  estimate  of  the  horizontal  wavelength 
A*  =  33  km  is  obtained  [(360/57)  x  5.2].  If.  how- 
ever,  the  wave  crests  were  oriented  at  some  angle  t) 
to  the  line  between  moorings,  the  estimate  of  A* 
would  be  reduced.  If  it  is  assumed  that  waves  from 
any  direction  are  equally  probable,  then  the  estimate 
of  33  km  must  be  multiplied  by  the  aosolute 
magnitude  of  sint)  averaged  over  the  interval 
[0,sr2].  Under  this  assumption  X*  =  21  km.  These 
estimates  are  in  fair  agreement  with  values  of  A, 
determined  from  our  measurements  and  Eq.  i6.2). 
Barnett  and  Bernstein  found  no  signiheant  co¬ 
herence  between  moorings  separated  by  distances 
of  50  km  or  more.  This  result  is  consistent  with 
ail  the  estimates  of  a,  reported  in  this  work  and 
supports  third-order  modal  dominance  of  the  ob¬ 
served  internal  tide.  There  were  no  moorings  for 
separation  distances  in  the  range  5.2-50  km. 

Hendry  1 1977)  has  reported  an  analysis  of  the 
semi-diurnal  tide  based  on  observations  in  the  North 
Atlantic  during  the  Mid-Ocean  Dynamics  Experi¬ 
ment.  He  finds  that  the  first  baroclinic  mode  is 
dominant  in  the  internal  semi-diurnal  tide.  The 
calculated  and  observed  horizontal  wavelengths 
corresponding  to  the  first  mode  are  160  km.  The 
internal  tide  appears  to  be  generated  near  the 
Blake  Escarpment  700  km  from  the  observational 
area.  Our  results  and  those  of  Barnett  and  Bern¬ 
stein  1 1975)  appear  to  be  inconsistent  with  Hendry  's. 
However,  given  the  uniqueness  of  the  Blake 
Escarpment,  the  generation  and  characteristics  of 
internal  tides  observed  in  the  central  North  Pacific 
may  be  quite  different  from  those  observed  by 
Hendry. 

Additional  reports  of  open  ocean  measurements  of 
the  internal  tide  are  comparatively  rare  in  the  litera¬ 
ture  (Wunsch.  1975).  The  amplitude  of  the  semi¬ 
diurnal  internal  tide  observed  during  POLE  is  about 
10  m.  This  value  agrees  well  with  similar  observa¬ 
tions  off  the  California  continental  shetf  (Lee.  1961: 
Reid.  1956;  Summers  and  Emery,  1963i.  Mid- 
Atlantic  observations  (Seiwell.  1942)  show  much 
smaller  semi-diurnal  internal  wave  amplitudes,  as 
small  as  2.2  m.  Observations  by  Weston  and  Reay 
1 1969)  made  during  southwest  approaches  to  Britain 
have  amplitudes  5-6  m  higher  than  those  presently- 
reported.  More  observations  are  required  before  an 
adequate  description  of  the  semi-diurnal  internal 
ride  can  be  made. 

7.  Comparison  with  theory 

The  local  response  of  the  well-mixed  layer  to  a 
transient  wind  stress  is  discussed  theoretically  by 
Pollard  et  at.  ( 1973).  The  PRT  modei  predicts  that, 
after  one-half  pendulum  day.  deepening  is  arrested 
at  a  depth  hmtx  given  by 


where  i'-  is  the  fnction  velocity,  /  the  Conoiis 
parameter  and  V  the  buoyancy  frequency  of  the 
stably  stratified  fluid  below  the  well-mixed  layer, 
not  including  the  step  in  stratification  at  the  base. 
The  mixed-layer  depths  observed  during  POLE  are 
typically  two  to  three  times  greater  than  those  pre¬ 
dicted  by  the  PRT  model.  This  suggests  that  entrain- 
mentat  the  base  of  the  mixed  layer,  due  to  the  shear 
of  the  mean  flow,  was  insignificant  during  the  POLE 
Experiment.  This  result  is  consistent  with  velocity 
measurements  made  during  the  experiment  i  Davis 
et  at..  1978).  They  found  that,  at  frequencies  below 
0.05  Hz.  the  currents  at  all  levels  above  135  m 
were  highly  coherent,  nearly  parallel  and  of  similar 
magnitude.  The  velocity  measurements  imply  little 
shear  available  to  erode  the  oase  of  the  mixed  layer 
as  required  by  the  PRT  model. 

Niiler  1 1975)  suggests  that  for  steady,  positive, 
surface  heating  and  wmd  stress,  deepening  is 
arrested  at  a  depth 

^-n-.v  -  2/n„j  —  i  pnc,,.^Q,.  '7  2) 

P" 

where  g.,  is  the  surface  heat  flux.  the  specific 
heat  of  sea  water.  3  the  thermal  coefficient  of  ex¬ 
pansion  of  sea  water  and  y  the  acceleration  due 
to  gravity.  The  constant  m.-,  is  related  to  the 
Kraus-tumer  constant  m  through  the  relation  m 
=  ic.oPtPo)'  jm.,.  where  c;„  is  the  drag  coefficient 
at  10  m.  p,,  and  pn  are  the  densities  of  air  and  water, 
respectively.  For  values  of  Q,t  greater  than  a  few 
mW  cm'1,  the  predicted  values  of  with 

m  =  0.0012.  underestimate  the  observed  mixed- 
layer  depths  by  about  a  factor  of  2.  This  implies 
the  assumed  value  of  m  is  too  small  by  a  similar 
factor. 

The  theory  of  the  seasonal  thermocline  advanced 
by  Kraus  and  Turner  ( 1967)  assumes  that  the  turbu¬ 
lent  energy  available  for  mixing  is  some  constant 
fraction  m  of  the  downward  transfer  of  energy  from 
the  local  wind  field.  Through  entrainment,  this 
energy  is  used  to  raise  the  potential  energy  of  the 
water  column.  Since  the  salinity  did  not  contribute 
significantly  to  the  observed  density  stmeture  dur¬ 
ing  POLE,  the  potential  energy  may  be  calculated 
by  the  method  of  Turner  1 19691.  A  mixing  event 
370  h  into  the  experiment  was  chosen  since  it  was 
least  likely  to  be  affected  by  horizontal  aavection. 
Analysis  for  this  event  yields  a  value  ofm  *  0.00 1". 
in  fair  agreement  with  the  value  m  -  0.0012  oo- 
served  by  Denman  1 1973a. bi. 

Considerable  disagreement  exists  in  the  reported 
values  of  m.  Perhaps  m  is  not  a  constant  but 
rather  a  function  of  local  oceanic  conditions.  The 
possibility  of  high-energy  inertial  oscillations  in  the 
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mixed  layer  at  the  time  of  observations  reported 
by  Turner  <  1969)  may  partially  explain  the  order-of- 
magnitude  discrepancy  in  the  reported  values  of  m. 

8.  Advection 

Mean  profiles  of  temperature,  salinity  and  <t„ 
based  on  all  the  STD  casts  taken  during  the  experi¬ 
ment.  are  shown  in  Fig.  14.  Departures  from  the 
mean,  calculated  as  one  standard  deviation  from  the 
mean,  are  represented  by  the  dashed  lines  in  the 
figure.  The  data  suggest  that  considerable  variation 
occurred  in  the  vertical  distribution  of  temperature, 
salinity  and  density  observed  during  the  experi¬ 
ment.  A  mean  T-5  diagram  for  the  upper  200  m. 


FiC.  14.  Mean  pro  riles  of  temperature,  salinity  and  r  for  the 
experiment  The  dashed  lines  represent  one  standard  deviation 
about  the  mean  prorile.  Considerable  vertical  variability  n  tem¬ 
perature.  salinity  and  <x.  was  ooserved  throughout  the  experiment. 


together  with  standard  deviation,  is  shown  in  Fig. 
15.  Several  features  are  immediately  evident  from 
these  figures.  The  high  temperature  and  salinity  of 
the  surface  waters  are  representative  of  the  Eastern 
North  Pacific  Central  Water  characteristically  found 
near  35°N.  This  water  mass  must  be  distinguished 
from  the  larger  Western  North  Pacific  Central 
Water  mass.  (Sverdrup  er  aL.  1942).  The  shallow 
salinity  minimum  in  the  figure  is  characteristic  of 
the  eastern  North  Pacific  (Reid.  1973:  Kenyon. 
1978)  and  extends  southward  to  the  equator.  This 
salinity  minimum  should  be  distinguished  from  the 
minimum  associated  with  North  Pacific  Inter¬ 
mediate  Water  which  occurs  at  greater  depths. 
This  Intermediate  Water  is  present  below  the 
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central  water  masses  ail  over  the  North  Pacific. 
Below  the  Intermediate  Water,  the  salinity  increases 
regularly.  Here  Pacific  Common  Water  is  found. 

Individual  hydrocasts  taken  throughout  the  ex¬ 
periment  are  shown  in  Fig.  16.  They  show  the 
frequent  presence  of  salinity -compensated  tempera¬ 
ture  inversions  at  the  base  of  the  upper  layer  and 
suggest  that  horizontal  advection.  variable  with 
depth,  is  relevant  to  a  complete  understanding  of 
the  observed  structure.  The  salinity  maxima  shown 
in  the  figure  can  be  associated  with  the  Subtropical 
Water  Mass  formed  in  the  trade  winds  region  north¬ 
east  of  the  Hawaiian  Island  Chain  where  the  rtux 
of  latent  heat  typically  exceeds  9.8  mW'  cm'5  over  a 
24  h  period  (Wyrtki.  1965).  The  intermittent  lateral 
interleaving  of  this  water  mass  is  characteristic 
of  observations  made  during  the  POLE  Experiment 
and  may  partially  explain  the  failure  of  one- 
dimensional  mixed-layer  deepening  theories  to 
properly  model  the  observed  mixed-layer  depths 
and  surface  temperatures. 

An  estimate  of  the  horizontal  temperature  gradi¬ 
ent  can  be  made  from  the  vertically  integrated  con¬ 
servation  of  heat  equation 

—  -  V-tU/f)  -  V-iVA/n  =  Q,  (8.1) 

dt 

where  dHidt  is  the  local  rate  of  change  of  heat 
content  H.  V  - < U//)  is  the  horizontal  divergence  of 
the  heat  flux,  due  to  advective  processes  associated 
with  ocean  current  U.  V  tV.4 H)  is  the  divergence 
of  heat  flux,  both  horizontal  and  vertical,  associated 
with  mixing  processes,  characterized  by  an  Aus- 
tauch  coefficient  A ,  and  Q  is  the  total  heat  flux  due 
to  turbulent  and  radiative  transfer  processes  at  the 
air-sea  interface. 

Vertical  motions  at  the  base  of  the  vertically  inte¬ 
grated  layer  are  neglected.  Mixing  processes  of  the 
form  V-[VaH)  may  reasonably  oe  neglected  for 
time  scales  of  a  few  hours.  The  air-sea  heat  ex¬ 
change  processes  were  measured  directly  and  the 
local  change  in  heat  content  was  calculated 
from  the  observed  temperature  profiles.  The  second 
term  in  Eq.  (8. 1)  was  calculated  as  the  residual  of  the 
remaining  terms.  Current  meter  observations  iDavis 
et  al..  1978)  suggest  typical  velocities  past  Flip  li.e.. 
relative  currents)  are  of  the  order  1  to  10  cm  s*'. 
These  results  lead  to  temperature  gradients  of  the 
order  rO.l  to  =0.0TC  km*1. 

Errors  associated  with  the  total  surface  heat 
flux  are  about  slO^r.  The  vertically  integrated 
changes  in  heat  content  are  within  the  stated  ac¬ 
curacies  of  the  observed  temperature  profiles  i  z5%). 
The  most  serious  error  in  the  estimate  of  the  hori¬ 
zontal  temperature  gradient  may  be  the  neglect 
of  vertical  advection  at  the  base  of  the  vertically 
integrated  layer.  These  errors,  coupled  with 


Fig.  15.  A  mean  T-S  diagram,  constructed  from  ail  :ne  profiles. 
The  dashed  line  represents  one  standard  deviation  about  :ne 
mean.  The  eastern  North  Pacific  Central  Water  is  evidenced 
by  the  high  temperatures  and  salinities  of  the  surface  layer.  The 
shadow  salinity  minimum  is  characteristic  of  the  eastern  North 
Pacific  and  should  be  distinguished  from  the  salinity  minimum 
associated  with  North  Pacific  Intermediate  Water  wmch  occurs 
at  greater  depth. 


errors  in  the  current  meter  observations,  suggest 
that  the  above  estimate  of  horizontal  temperature 
gradient  is  accurate  oniv  to  within  an  order  of 
magnitude. 

Our  estimates  of  horizontal  temperature  gradients 
can  be  compared  with  the  analysis  of  X3T.  AXBI 
and  STD  observations  during  POLE  by  Barnett 
et  al.  (1977).  They  found  that  the  average  near¬ 
surface  1 0-50  m)  horizontal  temperature  gradient 
over  a  region  400  km  in  diameter  was  0.005  :C  km*1. 
Superimposed  on  the  mean  field  were  fluctua¬ 
tions  having  a  standard  deviation  of  0.4 ’C  about 
the  mean.  Approximately  half  of  the  variability 
was  associated  with  horizontal  scales  of  less  than 
50  km.  Taking  0.2°C  <25  km)*'  =  0.008°C  km*'  we 
obtain  an  estimate  of  the  characteristic  tempera¬ 
ture  gradient  associated  with  small-scale  variability. 
When  this  gradient  is  added  to  the  mean  gradient, 
the  estimate  of  local  gradients  falls  within  the  range 
we  estimated  from  our  observations. 

9.  Conclusion 

Analysis  of  15  days  of  intensive  STD  profiling 
from  R:P  Flip  as  part  of  the  N'ORPAX  POLE  Ex¬ 
periment  yields  the  following  results: 

l)  Autocorrelations  for  the  time  series  of  depth 
of  several  <r,  surfaces  confirm  the  presence  of  a 
semi-diurnal  internal  tide  in  the  observed  records. 
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Fig.  16.  Individual  profiles  of  temperature,  ■salinuy  and  it.  taken  during  the  experiment.  The  salinity  maxima  frequently  occurring  at 
depth  suggests  horizontal  advecuon  of  the  Subtropical  Water  mass  formed  in  the  evaporative  basin  northeast  of  Hawaii 


The  period  of  12.7  h  determined  from  the  auto¬ 
correlation  analysis  is  not  statistically  significantly 
different  from  the  12.4  h  period  of  the#M2  semi¬ 
diurnal  tide. 

2)  The  amplitude  of  the  semi-diurnal  internal 
tide  is  about  10  m  and  agrees  with  other  observa¬ 
tions  in  the  Pacific. 

3)  The  coherence  between  ail  pairs  of  time 
series  of  the  depth  of  c r,  surfaces  is  high,  ranging 
from  0.97  to  0.91.  The  peak  in  the  coherence  spec¬ 
trum  corresponds  to  a  period  of  11.6  h .  close  to  the 
M2  semi-diurnal  tidal  period.  Energy  from  the  semi¬ 
diurnal  tide  is  smeared  into  the  next  highest  fre¬ 
quency  band.  The  limited  length  of  the  records 
prevents  finer  spectral  resolution  in  the  frequency 
domain. 

4)  The  coherence  between  a  given  t,  surface  and 
deeper  lying  surfaces  decreases  slowly  with  the 
mean  separation  between  surface.  An  estimate  of 
the  vertical  wavelength  \r  of  the  semi-diurnal 
internal  tide  obtained  from  the  coherence  vs  mean 
separation  data  is  1  km. 


53  The  vertical  coherence  scale  suggests  that  most 
of  the  energy  of  the  semi-diurnal  tide  is  in  the  third- 
order  modes. 

63  For  a  given  n.  surface,  deeper-lying  surfaces 
lag  the  given  surface  in  time  by  an  amount  dependent 
on  the  mean  separation  between  surfaces.  The  data 
suggest  that  the  phase  difference  increases  with 
separation  at  the  approximate  rate  of  -35’ 1 100  mr’ 
Deeper  lying  surfaces  lagging  shallower  surfaces  is 
consistent  with  the  suggestion  that  energy  is  being 
propagated  vertically  upward.  An  estimate  of  the 
vertical  wavelength  from  the  phase  data  is  1 .2  km. 

73  An  estimate  of  the  horizontal  wavelength  of 
the  semi-diurnal  internal  tide  calculated  from  the 
measured  buoyancy  frequency  and  the  dispersion 
relation  for  internal  waves  under  the  assumptions 
of  a  linear  density  gradient  and  the  Boussinesq  ap¬ 
proximation  is  30  <  \»  «  35  km.  Affects  of  rotation 
were  neglected  but  can  effect  the  estimate  by  no 
more  than  20^. 

33  The  observations  of  the  semi-diurnal  internal 
tide  presently  reported  are  consistent  with  those  re- 
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ported  by  Barnett  and  Bernstein  1 197?)  based  on 
temperature  observations  made  from  moorings  in 
the  central  North  Pacific.  Our  results  and  those  of 
Barnett  and  Bernstein  1 1975)  appear  to  be  inconsis¬ 
tent  with  those  of  Hendry  (1977). 

9)  One-dimensional  mixed-layer  deepening  models 
failed  to  predict  the  mixed-layer  depths  and  tem¬ 
peratures  observed  during  POLE.  Horizontal  advec- 
tion.  as  evidenced  from  the  salinity  maximum  fre¬ 
quently  occurring  at  the  bottom  of  the  mixed  layer 
and  other  near-surface  changes  in  salinity  and  tem¬ 
perature  unassociated  with  local  surface  forcing,  are 
responsible  for  the  failure. 

10)  For  the  one  mixing  event  in  which  the  pos¬ 
sible  effects  of  horizontal  advection  could  be  ignored, 
a  value  of  the  mixing  energy-fiux  coefficient  m 
=  0.0017  was  obtained.  This  is  in  fair  agreement 
with  the  value  of  0.0012  reported  by  Denman. 

11)  Estimates  of  the  local  temperature  gradient 
calculated  as  the  residual  in  the  conservation  of  heat 
equation  from  measurements  of  the  surface  heat  rtux 
and  vertical  temperature  structure  are  within  the 
range  0. 1 -0.0 1JC  km'1.  These  values  are  consistent 
with  similar  estimates  made  by  Barnett  et  at.  <  1977) 
using  XBT.  ABXT  and  STD  observations. 
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Abstract:  rourteen  rmdwater  trawl  collections  to  depths  of  4o0  m  to  l . 400  m  were  taken  a: 
eieven  stations  in  the  3er;ng  Sea  and  adjoining  regions  of  the  northern  North  Pac.de  by  the 
R,  V  Hakuno  Mara  during  the  summer  of  1973.  A  total  of  39  kinds  of  ashes  were  identided. 
Mesopeiagic  ashes  of  the  families  Myctophidat.  Gonostomatidae  and  Sathyiagtdae  predomi¬ 
nated  in  the  tatches.  contributing  14  species  94%)  of  the  ashes  caught. 

Seventeen  species  of  ashes  were  caught  :n  the  3ermg  Sea,  and  ail  of  these  are  known 
from  nearby  areas.  The  mesopeiagic  ash  fauna  of  the  3ering  Sea  ;s  similar  to  that  :n 
adjoining  regions  of  the  nortnern  North  Pacific  Ocean:  endemic  species  are  rare  or  absent. 

StenoPrachms  nannocnir  was  usually  the  most  common  mesopeiagic  ash  in  our  catches. 
Scenoorachius  leucopsarus  is  a  die!  vertical  migrant  that  is  usually  the  dominant  mesopeiagic 
ash  .a  modified  Subarctic  waters  of  the  northeastern  Pacific.  The  mange  in  dominance  from 


o.  nannockir  in  me  western  3ermg  aea  to  0. 
to  differences  m  oceanographic  conditions. 

1.  Introduction 

The  mesopeiagic  ashes  of  the  northern  .North 
Pacific  have  been  studied  bv  Soviet,  Japanese 
and  American  scientists  (RaSS,  1953;  P.ARIN , 
1961;  KAWAGUCHI,  1973;  WtSNER,  1976;  and 
others',.  FEDOROV  (1973a,  b)  presented  a  detailed 
account  of  the  ichthyofauna  of  the  Bering  Sea. 
To  our  knowledge,  however,  this  is  the  first 
paper  on  the  relative  and  actual  abundance  of 
the  oceanic  deep-sea  fishes  from  this  region. 
Preliminary  comparisons  of  the  mesopeiagic  fish 
fauna  of  the  Bering  Sea  with  adjoining  regions 
of  the  North  Pacific  Ocean  are  aiso  made. 

3.  Method  and  stations 
Fishes  were  collected  from  the  R/V  Hakuho 
Maru  (Cruise  KH-75-4)  with  a  3-m  Isaacs-Kidd 
Midwater  Trawl  (KMT)  towed  obliquely  from 
the  surface  to  a  maximum  depth  of  450  to  720  m 
(shallow  tows)  or  to  a  maximum  depth  of  960 
to  1,400  m  (deep  tows)  at  fourteen  stations  (Fig. 
1).  A  tow  was  aiso  made  over  the  continental 
shelf  (Stn.  12)  to  45  m,  but  no  fish  was  collect¬ 
ed.  A  TSK  Depth-Distance  Recorder,  which 
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itvcopsarus  in  tne  eastern  Bering  Sea  is  related 


provided  estimates  of  the  distance  and  water 
voiume  sampied,  indicated  that  depths  within  the 
sampling  interval  were  sampled  about  equally. 
Tows  were  made  between  June  2S  and  August 
11,  1975.  Ail  tows  were  made  during  daylight 
'or  twilight)  except  tor  the  shadow  tow  at  5tn. 
3  dee  Table  1). 

The  fourteen  tows  in  which  fishes  were  col¬ 
lected  were  from  eieven  different  stations  which 
represented  the  following  regions:  Kunie-Kam- 
chatka  area  to  the  Komandorski!  (Commander) 
Isiands,  the  western  and  the  eastern  portions 
of  the  Bering  Sea  along  57°N,  the  Gulf  of 
Alaska,  and  the  western  Subarctic  Pacific  (see 
Fig.  1). 

3.  Results 

A  total  of  29  different  species  of  fishes  were 
identified  from  the  fourteen  IKMT  tows  (Table 
2).  The  families  represented  by  the  most  species 
were  Myetophiaae  (six  species),  Gonostomatidae 
(four  species)  and  Bathyiagidae  (four  species). 
These  three  families  comprised  94  %  of  the  total 
number  of  fishes  collected.  Myctophids  were  by 
far  the  most  numerous  (72  %  of  the  numbers), 
followed  by  bathylagids  .13%)  and  gonostoma- 
tids  (9  %). 

Myctophids  of  the  genus  Stenobrachius 
numerically  dominated  the  fish  catches:  5. 
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Fig.  1. 

Sampling  position 

of  [saacs-Kidd  Midwater  Trawi 

n  me  Bering 
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on 

the  Hakuho  Maru  Cruise  XH-75-4 

m  1975. 

Table 

1.  Summary  of  tsaacs-Kidd 

Midwater  Trawis 

on  the  Hakuno  Mara  Cruise 

KH-73-4. 

Station 

Location  Mid  Point 
Latitude  Longitude 

Date 

Time 

Wire  Maximum  Depth 

Out  tn)  of  tow  mi 

3 

46*30.  S'N 

134*26.  7'E 

June  28 

0145-0319 

2.300 

S40 

3 

46-36. 1'N 

134’41. 3'E 

23 

0333-0710 

4.  000 

1,  400 

4 

49-37. O'N 

157*29. 6' E 

„  29 

3740-0930 

2.  300 

700 

5 

54-34. 4'N 

164*37. S' E 

Juiy  1 

1330-2000 

2,300 

500 

7 

57”10. 3'N 

169*04.  3'E 

2 

1610-1730 

2.  '300 

520 

7 

57-24. 5'N 

167*12. 0'E 

2 

1742-2333 

4.300 

1.400 

3 

57-00.  4'N 

170*58. 4' E 

5 

0903-1043 

2, 000 

570 

10 

57*02. 3'N 

179*08.  S' E 

7 

1255-1420 

2,000 

520 

11 

57-07. 3'N 

176*55.  7 'W 

,,  i 

1328-2125 

3,000 

960 

11 

57*03. 9'N 

176*57. 0'W 

,,  i 

2120-2222 

1.500 

450 

12 

57*01.  l'N 

172*27. 3*W 

„  9 

1002-1017 

150 

20 

53*02. 6'N 

158*06. 0'W 

..  13 

1733-1911 

2,000 

530 

26 

49-57. 5'N 

153*02. 0'W 

18 

1945-2113 

2.000 

720 

27 

50-00. 3'N 

144*33. 1 *W 

..  20 

0647-0816 

2,000 

590 

33 

47*56. 3'N 

170*58. 9' E 

Aug.  11 

2025-2130 

2,000 

1.000 

nannochir  and  S.  leucopsarus  comprised  respec-  ranked  first  and  second  in  abundance  ;n  eight 

tively  40  Yo  and  29  %  of  ai]  the  individuals  collections.  Stenobrachius  nannochir  ivas  more 

captured  Tabie  2).  Next  in  importance  were  common  than  5.  leucopsarus  in  ail  samples 

Leuroglossus  schmidti  (10  %)  and  Cyclnthone  except  in  the  eastern  Bering  Sea  Str.s.  10  and 

atraria  '3  %').  These  four  species  made  up  20)  and  in  the  western  Subarctic  Region  Stn. 

37  of  the  catch.  33,  deep,-.  Where  S’,  nannochir  was  the  most 

Stenobrachius  nannochir  and  S.  leucopsarus  abundant  species,  it  composed  25  to  55  of 

occurred  at  all  stations  and  in  every  tow.  One  the  catch;  where  ;t  was  not  dominant,  S.  leu- 

of  these  two  species  was  the  most  numerous  copsarus  comprised  25  to  34  %  of  the  numbers 

species  in  eieven  tows,  and  the  two  species  of  fish  caught  and  was  usually  the  most  Burner- 


Table  2.  Tulal  numbers  of  each  species  of  fish  caught  ami  catches  at  each  station  on  like  llukuho  Maru  Cruise  KIT 75  4 
(Depth  given  lor  each  station  is  muxiiutiin  depth  of  tow;  T:  l.urvu(e)  only) 


I.  AiftirCii/ttrs  cvcnnunnt 
I.  ketnhut  Jttm  hipjfogloiivults 
T  Uimb'iililicd  la  i  vae 
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ous  fish. 

In  the  more  numerous  shallow  tows,  the 
average  abundance  [I  numbers  /  I  estimated 
volumes  of  water  altered)  of  5.  nannoehir  was 
0.62  individuals  1,000  m4  (range  0.24  to  1.35), 
and  for  5.  leueopsarus  was  0.56  individuals  / 
1,000  m4  '  range  0.03  to  2.28).  The  relative 
abundance  of  i)  nannoehir  was  highest  at  the 
western  stations  S5tns.  4  and  6)  near  Kamchatka 
and  in  the  Gulf  of  Alaska  'Stns.  26  and  27), 
and  was  lowest  :n  the  Sering  Sea.  The  values 
decreased  from  0.55  to  0.26/T.000  m4  along  the 
four  stations  .Sens.  7,  3,  10,  11)  transect  from 
west  to  east  across  the  3ermg  Sea  at  a  latitude 
of  57’ N. 

Leurogiossus  schmtdti  {juveniles  and  larvae) 
was  found  at  ail  stations  except  Stns.  27  and 
33,  those  stations  in  the  Guif  of  Alaska  and 
the  western  North  Pacific  farthest  from  land. 
Largest  numbers  per  1,000  m4  were  caught  tn 
the  Benng  Sea  and  near  Kamchatka. 

Seventeen  of  the  totai  of  29  species  of  fishes 
were  caught  in  the  3ering  Sea.  All  17  were 
also  caught  from  other  regions  sampled  on  this 
cruise,  except  for  five  species  ( Lampanyetus 
regalis,  Xeeiolipans  pelagicus,  Theragra  enaleo- 
gramma,  Atheresthes  evermanni,  and  Reinhardt- 
ius  kippoglossoides)  which  are  known  from 
other  areas  of  the  northern  North  Pacific  isee 
Tables  2  and  3).  Two  species  are  reported  for 
the  first  time  (to  our  knowledge)  from  the 
Bering  Sea:  Cyclothone  pallida *  and  Cyclo- 
thone  pseudopallida.  Two  of  the  species  caught 
in  regions  other  than  the  Bering  Sea  have  not 
previously  been  reported  from  the  Bering  Sea 
by  other  researchers:  Xansema  Candida  and 
Scopeloberyx  sp. 

The  major  difference  between  the  species 
composition  of  our  deep  and  shallow  tows  was 
attributable  to  the  larger  numbers  of  Cyelo- 
theme  atrana  in  deep  tows  (94)  than  in  shallow 
tows  (2).  The  average  size  of  O.  nannoehir 
was  also  larger  in  deep  than  shallow  tows. 

4.  Discussion 

There  is  no  evidence  for  a  unique,  endemic 
mesopelagic  fish  fauna  in  the  3ering  Sea  (Table 
3).  All  the  species  caught  in  our  study  in  the 

*  RaSS  ',1935)  lists  "C.  pallida (?)"  for  the  Bering 

Sea,  but  MCKHACHEVA  .1364,  1967)  does  not  list 

it  for  the  Bering  Sea. 


Bering  Sea  are  known  to  occur  .n  other  regions 
of  the  North  Pacific.  None  of  the  35  species 
of  mesopeiagic-bathypeiagic  fishes  listed  by 
Fedorov  (1973a)  from  the  3ering  Sea  is  a  local 
endemic.  Most  are  widespread  :r.  the  northern 
part  of  the  North  Pacific.  Some  are  most 
common  in  the  eastern  North  Pacific,  others  in 
the  western  North  Pacific. 

The  number  of  species  of  oceanic  deep-sea 
fishes  listed  by  FEDOROV  'i973a,:  for  the  Bering 
Sea  is  almost  as  many  as  that  listed  by  PARIN' 
■''1961)  for  the  northern  North  Pacific,  suggesting 
that  the  species  diversity  of  mesopelagic  fishes 
may  not  be  reduced  in  the  high-.atnude  Bering 
Sea  basin.  Some  or  the  species  found  ;n  the 
Bering  Sea  e.  g.,  ?.  thompsoni.  D.  theta.  T 
macropus)  may  be  expatriates,  however,  and 
may  not  be  part  of  reproductive!’.-  viable  popu¬ 
lations.  We  have  little  information  on  this 
subject. 

The  predominance  of  S.  nannoefur  in  most  of 
our  samples  suggests  that  it  may  be  the  most 
common  species  of  Stenobrachius.  and  the  most 
common  mesopelagic  fish,  in  the  northern  Nort.n 
Pacific.  PARIN'  T961)  and  KawaCL'CHI  pers. 
comm.)  aiso  found  that  5.  nannoehir  was  more 
abundant  than  S',  leucopsants  in  samples  n  tr.e 
northwestern  Pacific.  pEARCY  .unpublished 
caught  mare  S.  nannoehir  than  S.  leueopsarus 
in  oblique  IKMT  tows  to  depths  of  500  m  or 
below  whereas  S.  leueopsarus  was  most  numer¬ 
ous  in  tows  to  200  m  at  night  in  the  vicinity 
of  the  Guif  of  Alaska  and  Aiaskar.  Pemnsuia. 
Off  Oregon,  S.  leueopsarus  is  the  most  numer¬ 
ous  mesopeiagtc  fish,  both  in  the  0-1,000  m 
water  column  or  ;n  the  upper  200  m  at  night 
(PEARCY,  1964,  1977;  PEARCY  et  al.,  1977'. 

Thus  S.  nannoehir  appears  to  be  more  common 
than  S.  leueopsarus  in  the  northern  North  Pa¬ 
cific  within  the  upper  1,000  m,  but  it  apparently 
does  not  migrate  into  eptpeiagic  waters  at  night 
as  does  S.  leueopsarus.  These  differences  in 
vertical  distributions  and  die!  migrations  may 
be  the  best  explanation  for  the  .ack  of  5.  nan¬ 
noehir  in  Aron's  (1960)  shallow  IKMT  samples, 
and  for  the  predominance  of  5.  leueopsarus  over 
J.  nannoehir  reported  by  PaRIN  1961,  in  the 
northern  Northeast  Pacific. 

Many  small  ,25-45  mm  standard  length'  5. 
nannoehir  were  caught  during  our  cruise,  but 
only  large  specimens  are  known  from  Tmnsi- 
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Tabie  3.  Known  occurrence  of  each  species  of  ash  caught  from  this  and  other  studies  for  four  regions 
of  the  northern  North  Pacinc:  Western  North  pacinc  .W.  N.  Pic..,  Kuriie-Kamchatia  area  K.-K... 
Bering  Sea  .B.3.,'.  and  Gulf  of  Alaska  .G.A.;.  1:  WisnER  1976),  2:  PaRIN  1961.,  3:  PASS  1955/, 
4:  MaKCSHOK  ;i970),  5:  ARON  ,1962),  5:  KULIKOVA  1960),  7:  FEDOROV  1973a.  o,,  3:  MCK- 

hacheva  1964),  9:  Kawaguchi  ,1973),  10.-  Hart  .1973),  11.  R-ass  and  Kaehkina  >967', 


12.-  Johnson  .1974)  13:  Ebeung  (1962), 
t—  indicates  species  caught  in  this  study; 

14: 

L; 

Shmidt  1950),  15: 
Larvaiej  oni yi 

BEKXER  1967), 

16:  UENO  .1971). 

Species 

W.  N.  Pac. 

K.-K. 

B.  S. 

G.  A. 

Protomyctophum  thompsoni 

1.  2 

1.  3.  4 

3.  5,  7,  15 

I,  2,  5 

Sttnobrachius  ieucopsarus 

1.  2.  6 

1.  3.  4,  6 

3.  6,  7 

1.  2.  3.  6 

Sunobrachius  nannochir 

1.  2.  6 

1.  2.  4,  6 

2.  3.  6.  7 

1.  2.  3 

Stenodrachtus  sp. 

- 

Lampanyctus  jordant 

1.  2.  6 

1,  3.  4.  6 

1.  3.  6,  : 

Lampanyctus  regalis 

2 

1.  3.  4.  6.  16 

7 

1.  -\  3 

D  tophus  theta 

2 

4 

7 

1.  2.  5 

Cy  clot  hone  pallida 

2 

3.  4,  16 

■> 

Cyclothong  psgudopailida 

3 

4.  3 

Cyciothont  atrana 

3 

3.  4.  3 

3.  7.  3 

3.  3 

Gonoaoma  gracile 

2.  9 

2.  4.  9 

7 

Chauiiodus  macouni 

2 

3.  4.  10.  16 

3.  7.  10 

2.  3.  5.  10 

Tictostama  macropus 

2 

3.  4.  16 

7 

2.  3.  5.  10 

3alh.yia.gus  pacificus 

2.  6.  11 

3,  4.  11.  16 

3.  7.  10.  11 

2.  3.  10. 

Bathyiagus  milltri 

2.  11 

3,  4.  11,  16 

3.  7,  11 

2.  3.  11 

Bathylagus  achotensts 

11 

4,  U 

l 

Leuroglossus  schmidti 

2 

3,  4.  16 

3.  7,  10 

.  2.  3.  10 

Xansenta  Candida 

10 

Macroptnna  microstoma 

O 

3.  10.  16 

7.  16 

2.  3.  10 

Benthalbella  dentata 

12 

4 

7.  16 

2.  12 

Melamphaes  lugubris 

13 

4.  13 

5.  13 

Poromttra  crassicrps 

3.  4.  16 

10 

Scopelobtryx  sp. 

Xectoliparis  pelagian 

4- 

4 

4,  7,  10,  14 

7.  10.  14 

5.  10 

Malacocvttus  sp. 

4.  14.  IS 

14 

10 

HemtUpxdetus  sp. 

4.  10.  14,  16 

10.  14 

10 

Coryphatnoidn  sp. 

3.  4.  10,  16 

3.  10 

3.  10 

L  Theragra  chalcogntmma 

10.  14 

10.  14 

10.  14 

L  Athertahet  evermanni 

14.  IS 

7,  14 

L  Rtmhardtius  hippogiouoidts 

10.  14,  16 

10.  14 

10 

L  Unidentified  larvae 

- 

132 


IV.  G.  PEARCY,  T  N'EMOTO  and  M.  OKIYAMA 


tional-modified  Subarctic  waters  in  the  north¬ 
eastern  Pacific  (PEARCY,  unpublished).  This 
indicates  a  reproductive  population  of  o.  nan- 
nochir  in  the  northern  North  Pacific.  Some 
small  S.  leucopsarus  were  also  caught  on  our 
cruise,  out  young  animals  predominate  in  the 
catches  off  Oregon  where  all  age-groups  are 
present  PEARCY  et  al.,  1977;  SMOKER  and 
PEARCY,  19701. 

Therefore  we  conclude  that  5.  nannochir  is 
basically  a  lower  mesopeiagtc  species  adapted  to 
the  oceanographic  conditions  of  the  northern 
North  Pacific.  Stenobrachius  leucopsarus,  on 
the  other  hand,  is  a  die!  vertical  migrant  that 
is  most  abundant  in  modified  Subarctic  waters 
of  the  northeastern  Pacific.  In  the  genus 
Stenobrachius,  oniy  o’,  nannociiir  is  found  in  the 
cold  Sea  of  Okhotsk  KavvaGCCHI,  pers.  comm.) 
which  is  covered  with  ice  in  the  winter.  The 
distribution  of  d.  nannochir  therefore  indicates 
that  it  is  better  adapted  to  cold  temperatures 
than  d.  leucopsarus. 

Stenobrachius  ■ nannochir  was  the  most  abun¬ 
dant  ianternfish  at  the  two  western  stations, 
but  d.  leucopsarus  was  most  abundant  at  the 
two  eastern  stations  along  57’ N  in  the  Bering 
Sea  .Table  2  and  Fig.  1;.  This  change  in  pre¬ 
dominance  of  these  two  Stenobrachius  species 
across  the  Bering  Sea  may  also  be  correlated 
with  oceanographic  differences.  The  main  mriow 
■into  the  Bering  Sea  is  between  the  Commander 
and  the  Near  Islands  where  surface  waters  are 
typical  of  the  Subarctic  Pacific  ..Favorite,  1974; 
HUGHES  et  al.,  1974).  A  southerly  dow  of  cold 
water  aiong  the  Kamchatka  Peninsula  produces 
a  general  counterclockwise  gyre  of  cold  water 
in  the  western  Bering  Sea  TaKENOUTC  and 
OHTANI,  1974).  The  water  in  the  deep  portion 
of  the  central  or  eastern  Bering  Sea  is  modified 
by  upwelling  of  water  associated  with  counter¬ 
clockwise  fiow  and  surface  divergence.  This 
water  has  a  deeper  upper  mixed  layer,  lower 
salinity  gradient  m  the  thermocline,  and  a 
warmer  dichothermai  and  mesothermal  layer 
than  the  western  Bering  Sea  see  TaKENOUTI 
and  OHTA.n'I,  1974).  A  gyre  of  relatively  warm 
water  is  also  indicated  in  the  deep  water  of  the 
eastern  Bering  Sea  TaKENOUTI  and  OHTANI, 
1974). 

Oceanographic  measurements  on  the  Hakuho 
Marti  Cruise  indicate  that  the  temperature  and 


salinity  in  the  western  Bering  Sea  were  simi.ar 
to  those  of  the  Subarctic  region  soutc  or  the 
Aleutian  Islands,  having  a  strong  seasonal 
thermocline,  and  cold  water  of  about  — 0.5=C 
at  50  m.  A  tongue  of  this  cold  water  of  less 
than  1.0JC  extended  eastward  at  about  200  m 
depth  from  Sens.  7  and  S,  but  did  not  protruce 
as  far  east  as  Stn.  Ilf  Fig.  2).  The  temperature 
minimum  of  the  dichothermai  layer  was  weakly 
developed  ;n  the  eastern  vs.  the  western  Bering 
Sea.  Isohaiines  domed  toward  the  surface  ,n 
the  central  area,  and  saiimty  values  aecreased 
markedly  aiong  the  eastern  and  western  margins 
of  the  Bering  Sea  .HaTTORI.  I97T.  Thus  tr.e 
eastern  3ermg  Sea  was  less  stratified  ana  was 
warmer  than  the  western  Bering  Sea  :n  tr.e 
summer  see  aiso  FAVORITE,  1974',  ana  may  oe 
a  more  favorable  environment  tor  o',  leucopsarus 
m  this  region. 
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FEEDING  HABITS  OF  COD.  CAPELIN.  AND  HERRING  IN  BAL3- 
FJORDEN,  NORTHERN  NORWAY.  JULY-AUGUST  '.973: 

THE  IMPORTANCE  OF  EUPHAUSIIDS 


W.G.  Pearcy,  C.C.E.  Hopkins,  S.  Gronvtk  &  R.A.  Evans 
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Pearcy,  W.G.,  C.C.E.  Hopkins,  S.  Gr0nvik,  3c  R.A.  Evans  i 9T9  12-21.  Feeding 
habits  oi  cod,  capeiin,  and  herring  in  Baisijorden.  northern  Norwav.  Julv-August 
i 9 78 :  The  importance  oi  euphausiids.  Santa  64:269-277.  Bergen.  ISSN  0036 — 1827. 

Midwater  and  bottom  trawls  were  used  at  two  stations  120  and  ISO  m  depth  :n 
Baisijorden  during  the  summer  of  i  973  to  studv  the  feeding  oi  fishes  on  euphausiids. 
one  ot  the  major  causes  ot  .20  kHz  sound  scattering.  The  principal  rooa  of  coa 
consisted  of  capelin  Mallotus  ~ illosus >,  euphausiids  Thysanoessa  raschu.  T  :nermis. 
and  Meganycttphanes  norvegtea..  and  shrimp  Pandaius  joreahs  . 

At  the  120  m  station,  herring  and  smail  coo  fed  mainiv  on  euphausiids.  Because 
oi  diet  vertical  migrations,  eupnausiids  are  presumably  close  to  the  bottom  during 
the  dav  at  this  depth,  and  hence  verv  susceptible  to  predation  bv  both  pelagic  and 
benthic  fishes.  During  the  darkest  period  of  the  24-hr  dav  cod  caught  :n  midwater 
.,50-70  m  depth,  had  appreciable  quantities  of  fresh  euphausiids  m  tneir  stomaens. 

At  the  180  m  station  euphausiids  were  relatively  .unimportant  in  the  food  of  cod 
caught  in  bottom  trawis  but  were  numerous  in  cod  caught  in  midwater  trawls  at 
depths  of  the  120  kHz  sound  scattering  laver.  The  scattering  iaver  did  not  impinge 
on  the  bottom  at  this  station.  It  migrated  from  depths  of  about  150  m  bv  dav  mto 
the  upper  100  m  at  night;  both  capeiin  and  cod  were  associated  with  the  laver.  Al¬ 
though  copepods  were  the  most  numerous  tvpe  of  prev  in  capeiin  stomachs  from  the 
180  m  station,  euphausiids  predominated  volumetricaliv. 

W.G.  Pearcy ,  School  of  Oceanography.  Oregon  Slate  University.  Corvallis,  Oregon  97  331 
U.S.A.  —  C.C.E.  Hopkins.  S.  Grgnvik.  and  R.A.  Evans.  Institute  of  Biology  and  Geology. 
University  of  Tromso,  If  GOO  l  Tromsd,  Hone  ay. 


INTRODUCTION 

Biological  sound  scattering  lavers  $SL’s)  are  a 
common  feature  oi  oceanic  regions  F.arqlh.ar 
19711  as  well  as  oi  some  neritic  areas,  including 
fjords  oi  northern  Norway.  In  Baisijorden, 
Hopkins  St  al.  1978'  found  high  concentrations 
of  euphausiids  or  krill,  calanoid  copepods,  and 
chaetognaths  at  the  same  depths  as  dense 
120  kHz  SSL's.  Scattering  at  this  fi.quency  has 
been  associated  with  euphausiids  by  Kinzer 
(1971),  Sameoto  1976'.,  and  Greenlaw  I979U 
Diel  vertical  migrations  oi  animals,  like  euphau- 
siids,  may  result  in  large  concentrations  of 
biomass  near  the  sea  floor  during  the  day 
Hopkins  &  Golliksen  1973)  where  they  are 
vulnerable  to  predation  by  benthic  fishes  during 
davlight  periods  Isaacs  &  Schw.artzlose  ! 965 ) . 

The  objective  of  this  study  was  to  sample 
animais  with  large  pelagic  and  benthic  trawls, 
often  at  depths  of  the  120  kHz  sound  scattering, 
to  learn  more  about  the  predation  of  krill  by 
fishes  and  the  role  of  SSL  organisms  in  the  food 


web  of  Baisijorden.  Of  the  :wo  benthic  stations 
sampled,  one  was  shallower  and  the  other 
deeper  than  the  davlight  depth  level  of  the 
SSL's.  The  importance  of  euphausiids  in  the 
food  web  of  commerciallv  important  fishes  should 
be  evaluated  before  development  of  intensive 
krill  fisheries  in  an  area. 

MATERIAL  .AND  METHODS 

Collections  with  a  bottom  shrimp  trawl  and.  or  a 
midwater  trawl  were  made  on  three  cruises  in  Bais- 
fjorden  from  FT  Johan  Ruud  or  Ottar  on  13  Juiv.  1-2. 
and  25—26  August  1978.  The  first  two  cruises  sampled 
near  Tennes  ’69C17'N.  19'23'  E',  where  the  bottom 
depth  was  about  129  m.  The  last  cruise  sampled  near 
Svartnes  69°2TN,  19c06'  E  where  the  bottom  was 
180-190  m. 

The  shrimp  trawl  had  a  footrope  of  1 8  m  and  4  cm 
stretchi  mesh  in  :he  bodv  and  codend.  The  pelagic 
trawl  had  an  18  .<  3  m  mouth  opening  and  mesh 
that  graded  from  10  cm  to  1  cm  in  the  codend.  The 
oeiagic  trawl  was  used  with  a  sonic  pinger  Simrad 
Trawl  Eve:  which  was  used  to  monitor  depth  oi  the 
net  while  fishing.  Ail  tows  were  30  to  60  minutes  in 
duration. 
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Simrad  EK.  120  and  or  EK  38  kHz  echosounders 
were  used  to  measure  biological  iound  scattering  on 
the  Johan  Ruua  cruises,  but  untortunateiv  the  120  kHz 
echosounder  was  not  operative  on  the  >-2  August 
cruise. 

The  species  composition  of  the  trawl  catches  was 
noted  and  the  rank  order  of  abundance  or  the  common 
species  was  estimated  based  on  visuai  estimates  of 
volumes.  Fishes  were  measured  total  length  <  and 
stomachs  of  cod  and  herring  were  removed  and 
preserved  in  1 0—20  A,  formalin  and  seawater  at  sea. 
stomachs  of  similar-sized  specimens  ot  one  species  ai 
fish  were  preserved  in  the  same  bottle.  A  total  ot  1*0 
cod  and  65  herring  stomachs  were  removed  and 
examined. 

In  the  laboratory  stomachs  were  opened,  fullness 
was  noted  on  a  scale  oi  0  emptv  to  4  full'.  and  the 
degree  of  digestion  oi  food  was  noted  on  a  scale  of  i 
freshi  to  3  well-digested! .  The  number  and  tvpes  of 
organisms  in  each  stomach  were  recorded.  In  the 
case  of  weil-digested  animals,  numbers  were  estimated 
from  the  least  digestible  parts  such  as  euphausiid  eves 
and  fish  vertebral  coiumns.  After  ail  stomachs  tor  a 
size  group  of  fish  were  examined,  wet  weignts  ot 
fishes,  euphausiids.  shrimp,  and  miscellaneous  animai 
taxa  from  the  stomach  contents  were  obtained  to  the 
nearest  0. !  g.  Food  organisms  iound  loose  in  the  ;ar 
were  included  in  these  weights. 

Capeiin  were  preserved  whole  in  10  %  formalin  at 
sea  and  stomachs  were  removed  in  the  laboratory 
A  total  oi  134  capelin  were  examined.  Numbers  and 
kinds  of  food  organisms  were  noted  but  because  of  the 
small  amount  oi  stomach  content  wet  weights  were 
not  taken. 


RESULTS 

The  presence  oi  fishes  and  motiie  crustaceans  .  n 
•he  shrimps  and  midwater  traw!  collections,  along 
with  the  rank  order  ot  aioundance  of  the  most 
common  species,  are  snown  m  Table  1.  The 
total  number  of  species  caught  at  'he  cw  i 
stations  was  low. 


Catches 

120  m  station.  Pandatus  bnreaiis  comprised 
tf.e  bulk  of  the  bottom  shrimp  trawl  catches  at 
the  120  m  station,  averaging  about  20  to  50  kg 
per  half-hour  tow.  followed  by  cod  Cadus 
Tiorhua  ,  long  rough  dab  Htopoaiosjoides  places- 
ioides )  or  capeiin  Mailotus  \utosus  .  Manv  her¬ 
ring  C'luDea  karengus  were  caught  in  one  shrimp 
trawl  tow  l  August.  1 550- i  ”20  h.  In  the  mid¬ 
water  trawl  at  this  station  onlv  cod  or  capeiin 
were  caught.  About  250  kg  of  capeiin  were 
caught  in  the  dav-time  tow  to  30-65  m,  and 
about  100  kg  of  cod  were  caught  in  the  night¬ 
time  midwacer  trawl  at  this  depth.  These  were 
the  largest  catches  of  dsn  :n  this  stuav 

180  m  station.  At  me  180  m  station,  cape¬ 
lin  comprised  the  largest  portion  ot  nl  shrimp 


Table  1.  The  species  ot  cruscaceans  and  fishes  caught  ;n  snrimp-  and  midwacer-'rawi  tows  at  the  120  m  ind 
180  m  station.  Numbers  indicate  the  rank  order  of  abundance  of  the  four  species  comprising  the  largest  volume 
in  the  catches,  and  the  presence  —  oi  other  species. 


120  m  1  180  m 

Shrimo  trawl  i  Midwacer  Shrimp  trawl  Midwater  trawl 


Dav  -  month  and 
hours  of  the  tow 


Pandalus  borealis . 

Meganyctiphanes  nanegua 

and  Thysanoessa . 

Cadus  marhua  . 

Trisopterus  esmarkii . 

Clupea  harengus  . 

Mailotus  Diilosus . 

Ammodytes  oi  annus  . 

Lumpmus  lampretaeformis  .  .  . 

LePtoclinus  m aculatus . 

Lycodes  lahli . 

Atoms  cataphractus . 

Hippoglossotdes  piatesso’des  . 
Raja  raaiata  .  .  .  . 
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feeding  habits  of  ,od.  .apkun.  vno  herring 


raui  catches,  followed  usttaih  ov  -hrimp.  lonz 
rough  dab.  and  cod.  Capelin  were  uuo  common 
.n  midwacer  trawl  catches,  ail  of  which  were 
towed  at  depths  ot  120  kHz  scattering  .avers. 
Euphausuds  Meganyupnanes  non-epca  and  Thy- 
sanotssa  spp.  however  were  the  most  abundant 
animals  in  'hree  ot  the  tour  midwater  tows. 
Since  most  ot  these  euphausuds  would  not  be 
retained  bv  the  coarse  4-  cm  mesh,  these  catches 
represent  only  a  fraction  ot  those  entering  the 
net.  Cod  was  the  second  to  rourtn  most  common 
spec-.es.  Small  cod  is  ere  rare  at  this  station, 
uand  eel.  Ammodytes  mannus.  was  common  m  the 
mgnt  and  early  morning  tows. 


Feeding  habits  y\od 

The  kinds  of  animals  found  in  cod  stomachs 
trom  ail  collections  are  listed  in  Tabie  2.  Because 
of  the  limited  numoer  of  fish  examined  and  the 
restricted  geographic  and  seasonal  coverage,  the 
number  of  prey  species  is  low  compared  to  other 
studies  e.g.  Ra£  126";  'A.  Kiementsen  unpubi. 
data  for  3alsf jorden  . 

Fish,  krill,  and  shrimp  were  the  most  im¬ 
portant  foods  for  cod  at  both  stations  during  tne 
studv  period  Tables  3  and  4-. 

120  m  station  —  shrimp  trawl. 
A  clear  trend  was  apparent  in  the  tvpe  of  food 
consumed  bv  different  sizes  of  cod  caught  in  the 
shrimp  trawl  collections  at  120  m.  Smail  cod 
<  25  cm  total  iength  mainly  ate  krill  "3-94  A, 
of  the  wet  weight  of  stomach  contents. .  Euphau¬ 
suds  were  Thysanoessa  inerrms  and  T.  ' aschii  in 
about  eauai  proportions.  Thev  were  14  to 
25  mm  long  total  length  .  All  small  cod  had 
krill  in  thetr  stomachs.  Numbers  averaged  23-26 
per  cod  stomach  during  the  day  and  3  at  night' 
2320-2350  h;,  suggesting  that  krill  are  more 
available  to  small  cod  near  the  bottom  during 
periods  of  high  light  intensity.  The  number  of 
stomachs  examined  was  low.  however,  and  slow 
rates  of  digestion  (Daan  1973’'  may  confound 
these  diel  trends. 

Amphipods  mainiv  Parathemisto  abyssorum  and 
Haiiragts  fuivocinctus  were  found  in  38  A,  ot  the 
stomachs  of  small  cod.  All  stomachs  that  con¬ 
tained  amphipods  also  contained  euphausiids. 
Polvcnaetes  were  present  in  only  5  of  43  small 
cod  indicating  that  these  fish  fed  predominancy 
on  vertically  migrating  pelagic  or  hyperbenthic 
animals. 


Table  2.  Food  ,iems  aentaied  :rom  :od  uomacas. 
Fishes 

.;  lailolus  :  lilosus 
Ammodytes  marmns 
Leptociinus  macuiatus 
Hippoqiossoiaes  plaussmaes 
Ltptoqonus  aecaqonus 

Shrimps,  nermu  crabs 
Panaalus  Koreans 
Satnnea  jeptemcarmatus 
Paqums  oernnaraus 

Euphausiias.  mvsids 
Thysanoessa  .net  mis 
Thysanoessa  rasenti 
Meqanyctipnanes  noretj'ca 
Mvsidacea 

Amphipods 

Parathemisto  loyssorum 
Hyperoc.ae  meaiisanum 
Monocuioaes  pacnarai 
Phacnotroms  macropus 
Arniis  pnyiionyx 
Haliraqes  fuli-ocmctus 
Lcnyrocerus  jnqmpes 
Lvsianassiaae  so. 

Cumaceans 

Diastyhs  spp. 

Asteroid 

Ctenoaisau  crispatus 

Polvcnaetes 
Seothys  sp. 

Harmotnoe  term 
Lumbrinereis  sp. 

Pelecvpod  —  unidentified 
Gastropod  —  unidentified 


Large  cod  27-"2  cm  ate  mainiv  shrimp 
Pandaius  borealis  or  capelin.  The  cod  caught 
around  midnight  had  mosclv  capelin  in  rneir 
=tomachs.  These  capelin  were  in  advanced 
stages  of  digestion  and  were  probablv  eaten 
earlier  in  :he  dav.  It  is  therefore  uniikelv  that 
these  capelin  were  eaten  bv  cod  in  the  net  i.e. 
net  feeding;. 

Most  of  the  P.  borealis  in  the  cod  stomaens. 
on  the  other  hand,  appeared  to  be  fresh  ana 
undigested,  raising  suspicions  that  thev  mav 
have  been  consumed  alter  both  cod  and  shrimp 
were  concentrated  in  the  net.  A.  Kiementsen 
pers.  commni,  who  also  found  that  shrimp 
were  the  most  important  food  for  large  cod  :n 
this  area  of  Baisijorden.  observed  no  correlation 
between  the  trawl  catch  of  P.  borealis  and  rneir 
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Table  3.  Food  or  me  :od  at  the  120  ®  .union  :n  3aistioraen  on  a  percentage  weight  oasu  for  >tomaca> 
with  iocd.  The  three  mo»;  :ommcn  >pecies  caugnt  .n  cac.n  -rawi  collection  bv  .oiume  are  a. so  $iven. 
where  Sh  «  shrimp.  Dab  *  .ong  rough  aao.  Her  =  herring.  Cap  =  caoenn.  anc  Euph  =*  ruohausuas. 
>  means  more  abundant  than  n  —  numoer  oi  coa  stomachs. 


Date,  time  h 

Common  species 

n 

Length 
range  oi  cod 
cm. 

?e 

Eupn. 

rcent  — 
f  isn 

wet  weight 
Shrimp 

Misc. 

Shrimp  trawl 

13  Aug.  1 1  30-12d0  $h  >  Dab  >  Cod 

_ 12 

.4-19 

94 

0 

3 

3 

3 

20-25 

32 

5 

10 

3 

1 1 

27-37 

13 

26 

51 

> 

4 

38—48 

9 

42 

36 

•5 

!  Aug.  1650-1720  Sh  >  Her  >  Cod1 . 

T 

20-25 

”3 

0 

22 

6 

3 

27-33 

41 

42 

;  “ 

0 

■> 

46-70 

30 

0 

20 

0 

1  Aug.  2320-2350  Sh  >  Cod  >  Cap . 

4 

:  : 

”  — 

'J 

5 

19 

41-33 

<  1 

97 

■> 

9 

•  i 

58-72 

<  i 

30 

;S 

9 

Midwater  trawl 

.  Aug.  1930-2000  '  Cap  >  Cod:  50-65  m 

3 

54—  1 0 

< 

100 

o 

0 

2  Aug.  0000-0030  Cod  >  Capi  50-65  m 

9 

32—40 

; 

93 

0 

9 

10 

40-46 

91 

0 

10 

55-66 

1* 

33 

5 

) 

numbers  in  tod  caught  in  the  same  tows.  (n 
some  instances,  cod  had  shrimp  in  their  stomachs 
but  no  shrimp  were  caught  in  -he  net.  Therefore 
comsumpuon  of  shrimp  may  not  be  an  artifact 
ot  net  feeding  but  simoiv  a  result  of  slow  diges¬ 
tion  rates. 

120  m  s  c  a  t  i  o  n  —  midwater  trawl. 
The  ;vvo  midwater  trawl  tows  at  this  station 
were  made  at  the  same  depth.  50-65  m.  at  !  930  h 
and  2400  h  to  observe  possible  die!  differences 
m  catch  and  in  food  habits  that  may  be  asso¬ 
ciated  with  vertical  migrations.  The  38  kHz 
echograms  showed  fish-tvpe  echoes  at  this  depth 
during  the  1930-2000  tow:  these  were  probably 
capeiin  as  large  numbers  —  250  kg'  of  this 
species  were  caught.  The  tew  cod  caught  in  this 
tow  had  almost  exclusively  capelin  in  their 
stomachs  averaging  21  capeiin  per  stomach), 
some  quite  fresh  indicative  of  recent  feeding. 

During  the  2400-0030  h  midwater  crawl  a 
few  fish-type  echoes  were  present  at  the  50-65  m 
towing  depth  but  most  of  them  had  ascended 
into  the  upper  50  m.  Only  a  few  capeiin  were 
caught  in  this  tow  but  large  numbers  of  cod 
—  100  kg;  were  captured.  The  differences  be¬ 
tween  these  two  tows  suggest  ascent  of  both 
capeiin  and  cod  into  upper  waters  when  ir- 


■■adiance  was  minimal.  These  :oa  contained 
partially  digested  capeiin  in  mesr  stomachs 
which  comprised  33-93  oi  the  weight  oi  tneir 
stomach  contents.  Interestingly,  kriil  were  aiso 
important  *_;7  >0  oi  the  wet  weight  and  :ne 
average  numbers  per  stomach  were  2,  ! ".  and 
34.  for  34 — 40.  40-60.  and  35-66  cm  cod  -espec- 
civeiv.  Most  of  these  krill  were  undigested  and 
had  probably  ;ust  been  consumed.  The  die; 
difference  in  the  amount  oi  cod  caught  and  -heir 
feeding  habits  in  midwacer  appeared  to  be  re¬ 
lated  to  the  vertical  migration  of  euphausuds. 

Differences  between  the  .importance  of  P. 
bortaiis  m  the  feeding  habits  of  cod  caugnt  m 
the  shrimp  and  midwater  trawls  are  discussed 
later.  Another  difference  between  catches  of  the 
two  tvpes  of  nets  was  the  absence  of  small  cod 
in  midwater  catches.  Smail  cod  apparently  did 
not  migrate  off  the  bottom  as  much  as  iarge  cod 
see  Brcnel  1965.  1972)  perhaps  a  behavior 
that  reduces  their  vulnerability  to  predation  bv 
largecod  Daan  1973 .  O.M.  Smedstad unpuol.  . 

180  m  station  —  shrimp  :  r  a  w  i . 
Capelin  was  bv  far  the  most  important  food  for 
cod  caught  near  the  bottom  in  the  shrimp  trawl 
at  this  stacion  Table  4'.  Because  oniv  two  cod 
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Taoie  4.  Food  oi  cod  ac  the  1 30  m  station  .n  Bautiorcen  on  a  percentage  .ve:gnt  basts  :rorr.  >tomacn>  con¬ 
taining  rood.  Toe  CTree  most  common  animals  bv  .oiume  :.n  'ne  carc.ies  an*  aiso  riven.  where  Cap  =  :ape::n. 
Sh  =  snnmp,  Dab  =»  long  roug.n  dab.  Ammo  =  sand  eet.  and  Eupn  =  euonausuas.  >  means  more  anundan'. 
■nan.  n  =»  numoer  or  cod  stomachs. 


Date  ume  h 
Common  species 

a 

Lengm 
range  oi  cod 
cm: 

Euph. 

p-rc^nt  — 
Fish 

weight 

Shrimp 

Misc. 

Shrimp  trawl 

25  Aug.  1715-1745 

Cap  >  Sh  > 

Dab)  .... 

4 

50-70 

9 

91 

7 

< : 

26  Aug.  0400-0450 

.Cap  >  Sh  > 

Dab  . 

5 

59-67 

3 

32 

10 

5 

3 

39-49 

10 

37 

3 

<  . 

26  Aug.  0740-0810 

Cap  >  Sh  > 

Cod:  . 

5 

21-65 

<  1 

96 

4 

0 

26  Aug.  14<30-1500 

Cap  >  Sh  > 

Dab . 

5 

46-62 

6 

32 

'  t 

o 

Midwater  trawl  —  in 

120  kHz  SSL 

25  Aug.  1602-1634 

Cao  >  Euph 

>  Cod 

i  50  m . .  . 

4 

67-73 

39 

o0 

2 

3 

3 

50-60 

26 

'4 

j 

0 

2 

27-41 

94 

3 

) 

3 

26  Aug.  0157-0240 

Can  i-  Euon 

>  Ammo 

55-100  m  . 

4 

68-74 

4 

Ho 

0 

■* 

5  i-6i 

DO 

40 

3 

26  Aug.  0616-0703 

Cao  >  Euph  >  Ammoi 

l  50  m . 

3 

44-58 

“  • 

3 

0 

26  Aug.  1309-1400 

Euoh  >  Cao  >  Cod: 

150  m . 

3 

39—74 

44 

47 

) 

9 

smaller  than  30  cm  were  caught,  the  diets  ot 
small  and  large  cod  could  not  be  compared. 
Shrimp  were  less  important  at  this  station  than 
at  the  120  m  station.  Although  krill  occurred 
frequently  thev  never  constituted  more  than 
10  of  the  total  weight  of  stomach  contents  oi 
any  group  of  cod  caught  in  the  shrimp  trawl. 

Die!  differences  in  diet  were  not  evident. 
Most  capeiin  from  cod  stomachs  were  oartiailv 
digested,  indicating  that  thev  had  not  been 
eaten  while  in  the  net. 

180  m  station  —  mid  water  trawl 
Capelin  was  aiso  the  predominant  prev  of  cod 
caught  in  regions  oi  midwater  sound  scattering 
that  were  sampled  with  the  midwater  trawl 
during  all  tows  Table  4' .  Euphausiids.  however, 
were  aiso  important  and  comprised  from  4  to 
94  %  of  the  stomach  contents  of  these  pelagic- 
caught  cod.  Both  .V/.  narvegica  and  Thvsanoessa 
spp.  were  common.  The  number  of  kn.l  eaten 
by  -hese  cod  was  large,  averaging  29  to  146 
krill  per  stomach  for  all  but  the  smallest  cod 
27—41  cm i  where  it  averaged  3.3. 

An  example  of  che  120  kHz  echograms  shows 
that  the  scattering  layer  was  at  about  150  m 
during  the  dav  and  between  50  and  100  m  at 
night  Fig.  1..  These  were  the  depths  that  were 
sampled  with  the  midwater  trawl. 


Feeding  hatnts  of  herring 

120  m  station  —  shrimp  trawl. 
The  stomachs  of  49  herring  23-31  cm  were 
examined  irom  the  shrimp  trawl  catches  at  tne 
120  m  station.  N'earlv  all  ot  these  herring  had 
stomachs  full  oi  eupnau-nids.  Thysanoessa  : nernu 
and  T.  raschii  comprised  94  of  the  stomac.i 
contents  ov  weight.  Thev  were  relatively  fresh 
and  undigested.  Copepods  were  also  present 
percentages  based  on  numoers  ot  copepods 
were:  Stage  IV  and  V.  Me'.naia  ionga  ?! 
Pieudocalanus  spp.  3  and  unidentified  6  \  . 
Ampnipods  Piraihemisso  aoyssorum  and  post- 
larval  P  borealis  were  sometimes  present.  These 
results  are  a  further  indication  that  euphausuos 
were  concentrated  near  the  bottom  where  thev 
were  preved  upon  bv  herring  and  smaii  cod. 

i  80  m  s  t  a  1 1  o  n  —  m  i  d  w  a  t  e  r  trawl. 
Sixteen  herring  15-18  cm  were  also  examined 
from  a  midwater  trawl  catch  at  180  m  at  ’be 
130  m  station.  Copepods  were  found  in  ail  out 
one  of  the  stomachs  and  manv  stomachs  con¬ 
tained  hundreds  of  individuals.  Of  the  copepods 
identified.  90  were  .U.  onga.  5  P  seuaoc. nanus 
sop.,  and  5  ’<,  unidentified.  Eupnausiias  and 
euphausiid  eves  were  found  ;n  six  herring.  In 
this  collection,  copepods.  and  not  euphausiids. 
were  the  major  food  of  herring. 


7 
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Fig.  i.  120  kHz  echograms  at  the  180  m  station  m  3atstjorden.  L'oper:  During  midwater  trawi  at  .50  -n. 
25  Aug.  19*8.  1602-183+  h.  Lower  During  midwater  trawl  at  55—  1 00  m.  2‘i  Aug.  1 973.  9157-02+0  6. 
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120  m  station  —  midwater  trawl.  and  shrimp  trawi.  In  contrast  :o  the 
The  44  capelin  examined  from  the  midwater  120  m  station,  the  110  capelin  10-15  cm  XL 
trawl  at  the  120  m  station  at  depths  of  50-35  m.  examined  from  both  the  midwater  trawi  in  the 

1930-2000  h,  all  had  stomachs  that  were  less  vicinitv  of  the  SSL  at  55-150  rn  and  the  bottom 

than  one-half  full.  Many  stomachs  were  emptv.  trawls  at  the  i 80  m  station,  had  iarger  amounts 
The  food  items  that  were  identified  consisted  of  food  in  their  stomachs.  Thysanotssa  sod.  were 
mainly  of  a  few  copepods  per  stomach  91  ’0  the  main  food  Table  5  on  a  volumetric  basis. 
Psmdocalanus  eiongatus.  5  3'0  Calanus  finmarckicits.  The  average  number  ot  euphausuds  from  stoni- 

and  4  %  Mttndia  longa)  or  more  rarely  a  few  acns  that  contained  krill  was  13  ammais  m 

chaetognaths  or  mvsids.  Euphausiids  were  not  capelin  caught  in  both  bottom  and  midwater 
found.  trawls.  One  capelin  contained  eight  icriil.  Cope- 
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Taole  5.  Occurrence  ot  euphausiids  Eupn.  and  cope- 
pods  Cop.  from  -.he  stomachs  ot  caoeun  captured 
in  shrimp  ana  mid'.vacer  taw  is  at  :ne  !30  n  station. 

Frequencv  Frequencv  ot  Average 

Time  oi  tow  ot  emptv  occurrence  numoer 


stomachs  Euph. 

Cop.  Euph.  stomacn 

Shnmp  trawl 
I7la-1745 

6- 10 

+,+ 

0  + 

1.0 

0400-0450 

9 -20 

7.11 

+;  1  1 

1.0 

07+0-0810 

3  17 

11. 1  + 

+.1  + 

1.5 

1+00-1500 

5/ 14 

6,9 

+  9 

1.3 

Midwater  trawi 

1602-1  >532 

10/17 

+■7 

3:7 

0.9 

0157-02+0 

9.1+ 

2.5 

+  5 

0.3 

0616-0703 

3,7 

2,+ 

3  + 

0.5 

1 309- 1+00 

3,11 

3,8 

!  3 

2.0 

pods  were  common 

prev  in 

about 

one-third  ot 

these  capelin. 

and 

although  thev 

were  much 

more  numerous  than  euphausiids.  on  the  aver¬ 
age,  chev  never  comprised  the  bulk  ot  the 
contents  tor  fish  in  a  trawl  collection.  Over  95  *, 
of  the  identified  cooepods  were  Mttndia  .onga. 
A  few  Pseudocalanus  'iongotus  and  one  Podon 
were  identified. 


DISCUSSION 

Although  euphausiids  and  pelagic  animals  are 
not  important  food  for  cod  in  the  North  Sea 
Rae  1967:  Daan  1973:  Arntz.  197+'  ,  thev  are 
known  to  be  verv  important  m  more  northern 
seas.  VV  [borg  1948.  1949''  reported  tnac  krill, 
mainly  T.  intrmxs,  was  the  most  important  food 
for  0,  I,  and  II-group  cod  on  trawling  grounds 
in  northern  Norway  and  fjords  of  northern 
Norway,  including  Balsfjorden.  Thysanoessa  iner- 
mus  was  also  important  cod  food  off  Bear  Island 
and  Spitsbergen,  especially  during  the  spring 
and  summer  Brown  i  Cheng  i 946 i  and  in 
the  Barents  Sea  Brotsky  1931  as  cited  by 
Brown  Sc  ChengC  Sidorenko  ( 1 9623  found 
that  cod  fed  extensively  on  euphausiids  in 
waters  off  western  Greenland,  and  Zadllsk.ua 
Sc  Smirnov  •  1939)  reported  that  krill  and 
hyperiid  amphipods  were  of  greatest  importance 
for  cod  in  the  Barents  Sea.  Zatsepin  Sc  Petrova 
1939)  noted  a  pronounced  seasonal  cycle  in  the 
feeding  of  cod  irom  the  southern  Barents  Sea: 
krill  were  the  most  important  food  in  summer 
months  and  capelin,  herring,  and  polar  cod 
were  most  important  at  other  times  of  the  year. 
In  more  recent  years,  capelin  and  shrimp  were 
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reported  *o  be  the  most  imoortant  rood  tor  roa 
:n  the  Barents  Sea  O  M.  Smeostad  unouoi. 
Brlnel  1965  tour.d  ':ia:  herring,  capeiin.  ana 
euphausiids  Thy>.uwes>ii  and  Mcg'vtycciphnit'; 
n  that  order,  were  the  most  .mportant  pelagic 
prey  for  cod  from  the  Quit  of  St.  Lawrence. 

Few  studies  have  been  made  on  the  :eeding 
habits  of  capelin  and  herring  irom  northern 
regions.  Capelin  are  known  to  prev  on  surface 
swarms  of  Thysaonessa  raschu  in  the  Barents  Sea. 
and  according  to  Prokhorov  1965'  euphau¬ 
siids  compose  most  oi  the  weight  of  the  stomach 
contents  of  capelin  in  tms  region,  followed  bv 
copepods  and  amphipods. 

In  this  study,  eupnausiias  were  imoortant 
prey  for  the  three  commercially  important  fishes 
that  predominated  :he  catches:  cod.  capeiin. 
and  herring.  Euphausiids  were  "he  mam  food  at 
small  cod  and  herring  at  the  120  m  station. 
During  the  davtime.  euphausiids  presumable 
are  near  the  bottom  at  this  depth  and  hence 
were  particularly  susceptible  to  capture  bv  Dot- 
torn  or  near-bottom  fishes.  At  the  L SO  m  station. 
120  kHz  sound  scattering  iavers  and  associated 
euphausiids  did  not  impinge  on  the  bottom 
Fig.  1  .  but  rended  at  aoout  1  30  m  during  the 
dav.  At  this  station,  few  euphausiids  were  caugnt 
in  bottom  compared  to  midwater  trawis  ana 
cod  captured  in  oottom  trawis  had  not  fed  as 
heavtiv  on  euphausiids  as  midwater-caught  cod. 
Apparently  at  this  deeper  station,  euphausiids 
were  far  enough  above  the  bottom  to  escape 
intense  predation  bv  bottom-dwelling  :oa.  Thus 
interactions  of  diel  migrants,  such  as  euphau¬ 
siids,  with  benthic  and  midwater  fishes  mav  oe 
an  important  mechanism  for  transfer  of  energy 
in  marine  food  web«  Isaacs  k  Schwartz  lose 
1965-. 

Several  observations  suggest  two  different 
feeding  behaviors  for  cod  in  Balsfjorden :  pelagic 
feeders  and  benthic  feeders.  Large  cod  caught 
in  bottom  tows  at  120  m  ate  substantial  amounts 
oi  shrimp.  Cod  caught  in  midwater  at  night,  on 
the  ocher  hand,  had  eaten  mainlv  capeiin  and 
only  3  small  Pindaiiu.  This  suggests  that  these 
midwater  cod  had  not  recently  fed  on  the 
bottom  and  had  been  preving  almost  exclusively 
on  pelagic  animals,  mostly  capeiin  and  eu- 
phausiids. 

At  the  180  m  station,  cod  caught  on  the 
bottom  during  dav  and  .night  periods  had  few 
euphausiids  in  their  stomachs.  Conversely,  cod 
caught  in  midwater  contained  large  numbers  of 
euphausiids  during  either  dav  or  ntghc  periods 


■»  a  k  >  r  a  ■»  ▼ 


276  •'  C.  PE.vRCY.  C.C.E.  HOPKINS,  i  GROVVIK.  i  R.A. 

These  differences  in  reeding  habits  suggest  rhac 
some  cod  were  primarily  benthic  and  had  not 
migrated  far  off  :he  sea  door  to  teed  and  others 
were  predominantiv  peiagic  and  preyed  on 
vertically  migrating  capelin  and  krill. 

Several  Leptochnus  maculatus  were  found  in  cod 
caught  in  midwater  at  the  120  m  station  but 
chis  fish,  normally  considered  to  be  benthic,  was 
also  caughc  in  midwater  trawls  Table  1;  so  it 
cannot  be  used  as  an  indicator  of  benthic 
feeding.  Similarlv,  small  P.  borealis  were  found 
in  a  few  of  cod  caughc  in  midwater  at  night  at 
both  stations,  out  small  shrimp  were  also  caught 
in  nighc-ume  midwater  trawls,  so  their  presence 
in  cod  stomachs  does  not  necessarilv  represent 
benthic  feeding.  Ammodytes  were  also  round  in 
both  cod  stomachs  and  midwater  trawl  catches 
from  night-time  tows. 

Brunel  1965,  19721  reviewed  the  evidence 
for  vertical  migrations,  the  peiagic  existence  of 
cod  and  possible  causal  mechanisms  for  migra¬ 
tory  behavior.  In  his  scudv  in  the  Guif  of  St. 
Lawrence,  he  distinguished  two  tvpes  of  vertical 
migrations:  a  type  bringing  cod  into  midwater 
at  night  and  near  the  bottom  during  the  dav 
and  a  'residual’  type  when  cod  reside  in  mid- 
water  during  the  dav.  These  conclusions  were 
based  on  echograms,  catcnes  of  cod  in  oottom 
trawls  and  gill  nets,  food  habits  of  cod,  and  the 
abundance  of  their  mam  prey.  He  thought  that 
the  cod  were  attracted  to  midwater  during  the 
day  by  visual  stimuli  of  pelagic  prey  swarming 
during  cne  period  of  maximum  daviight  from 
May  to  mid-Juiv.  Trout  1957  and  Temple- 
man  &  Fleming  1962',  also  recognized  that  cod 
may  live  in  midwater  for  extended  periods,  or 
migrate  vertically  and  reside  close  to  the  bottom 
during  the  day.  We  suggest  that  cod  exhibit  boch 
types  of  behavior  in  Balsfjorden  during  the 
summer. 
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Abstract:  Diatom  floral  analysis  of  116  sediment  surface  samples  obtained  off  Peru 
reveals  a  boundary  in  the  sediments  between  coastal  upwelling  influenced  sediments 
and  sediments  outside  the  highly  productive  realm.  Sinuous  patterns  of  relative 
abundance  for  meroplanktic  species  (Actmacyclus  octonanus.  Acnnoprychus  se- 
narius.  and  Cycloteila  striata/stylortim)  may  preserve  the  meander-like  patterns  of 
surface  water  parameters  off  Peru.  The  occurrence  of  loci  of  high  abundance  of 
diatom  valves  per  gram  of  dry  sediment,  and  the  limited  occurrence  of  Skeleconema 
costatum  and  of  a  species  of  the  genus  Delphineis  are  additional  pieces  of  evidence 
that  upweiled  tongues  of  cold  water  have  a  correspondingly  patchy  sediment  signal. 


Introduction 

The  diatom  fraction  of  116  sediment  surface  samples  collected  off 
western  South  America  was  studied  in  order  to  identify  on  the  Peru 
continental  margin  the  sediment  record  of  coastal  upwelling.  The 
purpose  was  to  differentiate  sediments  containing  this  record  from 
those  not  influenced  by  the  high  rates  of  primary  production  as¬ 
sociated  with  coastal  upwelling  (Ryther  1969). 

Diatoms  dominate  the  phytoplankton  communities  in  coastal  up¬ 
welling  regions  (Blasco  1971,  Margalef  197.3,  Hart  &  Currie  1960. 
Berger  1976),  and  the  preservation  and  abundance  of  their  valves  in 
hemipelagic  sediments  along  the  western  coasts  of  continents  has  been 
documented  (Calvert  1966,  Calvert  and  Price  1971,  Zhuse  1972).  This 
study  analyzes  the  distinct  patterns  of  diatom  distribution  found  in 
recent  sediments  preserving  evidence  of  recurrent  coastal  upwelling 
off  Peru. 
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The  coastal  upwelling  process  is  described  by  Smith  (1978).  He 
estimates  that  the  response  to  wind  events  off  Peru  occurs  wuhin 
50  km  from  shore,  with  a  depth  of  origin  around  70  meters  subsurface 
for  the  water  found  at  the  surface  after  favorable  winds.  A  poleward 
undercurrent  dominates  the  shelf  with  mean  currents  in  a  direction 
opposite  to  the  mean  wind,  except  in  a  shallow  surface  layer.  The 
curvature  of  the  midshelf  bathymetry  and  of  the  shelf  break  are 
thought  to  influence  the  alongshore  flow,  its  variability,  and  the 
magnitude  of  upwelling  (SCOR  Wg  36  1976).  Maeda  &  Kishimoto 
(1970)  have  found  upwelling  centers  to  be  present  consistently  at  5°. 
II3  and  15° S  over  a  17  year  period,  but  further  observational  studies 
are  needed  to  describe  and  locate  the  physical  process  of  upwelling 
and  to  delineate  its  effect  on  plant  and  animal  populations.  This 
sediment  study  provides  a  testimony  to  the  persistence  of  upwelling  at 
certain  locations. 


Materials  and  Methods 

Samples  were  taken  from  the  uppermost  sediments  retrieved  at  the 
coring  stations  listed  in  Table  I.  The  numbers  in  the  first  column  will 
be  used  in  the  rest  of  this  paper  when  referring  to  stations  (see  also 
Fig-  1).  The  ship  and  year  of  the  cruise  are  registered  in  the  OSU  core 
numbers:  e.g.,  W77-  indicates  the  1977  cruise  of  RV  Wecoma;  Y71-, 
the  1971  cruise  of  RV  Yaquina;  FD75-,  the  1975  cruise  of  RV  Francis 
Drake. 

Those  cores  collected  by  the  Reineck  box  (RB),  the  Kasten  (K),  the 
free  fall  (FF),  and  the  gravity  (G  or  MG)  corers  appeared  to  success¬ 
fully  retrieve  the  surface  layer  of  sediments.  The  uppermost  sediments 
may  have  been  lost  in  the  recovery  of  some  of  the  piston  (P)  cores. 

The  uppermost  few  centimeters  (in  some  cases,  only  the  first  one  cm; 
at  most,  the  first  20  cm)  of  the  Wecoma  cores  were  placed  in  plastic 
bags  when  the  cores  were  first  opened  aboard  the  ship.  Samples  were 
later  taken  from  these  bags  of  composite  surface  sediments.  Thus,  the 
nearshore  samples,  which  may  have  been  deposited  at  rates  of  about 
66-140  cm/ 1000  years  (see  Discussion),  represent  from  about  7  to 
300  years  of  deposition. 


Fig.  1.  Station  locations,  some  stations  are  not  numbered.  □.  stations  not  included 
in  data  analysis  because  of  evidence  of  reworking  of  older  floras:  *.  barren  samples. 


Samples  were  taken  from  bags  as  described  above,  or  from  the  top 
sediments  of  cores  stored  in  the  OSU  Core  Repository.  The  procedure 
was  to  fill  a  bulk  density  ring  of  ca.  1.5  cm  diameter  (1  cm  high)  by 
pushing  it  into  the  soft  sediments.  Piston  cores  and  gravity  cores  are 
split  in  half  lengthwise  for  storage,  and  the  tube  samplers  were 
pushed  into  the  middle  of  the  top  of  a  core* half  at  a  right  angle  to  the 
long  axis  of  the  core-half,  thus  sampling  the  top  1.5  cm  of  the  core. 
Downcore  samples  from  W7706-64  were  taken  in  the  same  way  at 
selected  depths  in  the  core. 
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All  samples  were  oven  dried  for  24  hours  ar  60°  C  in  the  sampling 
tubes  and  then  extracted  into  the  beakers  used  for  the  acid  cleaning 
procedure.  The  dry  weight  of  each  sample  was  in  a  range  from  0. 5-2.0 
grams. 

Slide  preparation  followed  the  procedure  outlined  in  Schrader  (1974) 
and  Schrader  Sc  Gersonde  (1978)  with  the  following  exceptions: 
1)  Slides  were  made  for  all  samples  from  a  50  ml  dilution  of  the  acid 
resistant  residue  remaining  after  cleaning  and  fractional  sedimenta¬ 
tion  to  remove  the  clay  fraction.  Automatic  pipets  were  used  for  this 
subsampling.  25  jil  were  placed  on  slides  for  surface  sediment 
samples:  50  pi  for  downcore  samples.  2)  Coverglasses  were  allowed  to 
air  dry. 

The  microscopical  investigations  were  done  on  a  Leitz-Orthoplan- 
Orthomat  microscope  using  high  power  and  high  resolution  apochro- 
matic  oil  immersion  objectives.  Counts  were  made  using  the  highest 
available  magnification  (Objective  Apo  oil  100X,  n.A.  1.32.  Ocular: 
Periplan  GW  10X  M)  with  counting  procedures  standardized  in  our 
lab  after  Schrader  die  Gersonde  (1978).  Each  slide  was  counted  in 
traverses  randomly  laid  over  the  middle  of  the  coverglass.  About  300 
valves  were  counted  per  slide,  although,  in  some  stations  from  the 
oceanic  plate  or  outside  the  productive  coastal  region,  limited  preser¬ 
vation  of  diatoms  in  the  sediments  prohibited  reaching  this  figure. 


Observations 

Numbers  of  diatom  valves  per  gram  of  dry  original  sediment  were 
calculated  as  described  in  Schrader  Sc  Gersonde  (19T8)  and  these 
values  are  listed  in  Table  I.  Barren  and  almost  barren  surface  samples 
are  indicated  in  this  table  by  a  zero  value. 

Approximately  110  different  marine  planktic  and  benthic  species  were 
identified.  Some  species  represented  reworked  or  exposed  Pleistocene/ 
Pliocene/Miocene  floras.  Some  species  were  displaced  freshwater 
diatoms.  These  occurred  in  greatest  abundance  (still  less  than  1%  of 
the  total  assemblage)  at  sites  91,  94,  95.  99  and  104.  Core  tops  with 
displaced  shallow  water  marine  benthics  and  with  reworked  older 
material  are  indicated  in  Table  I. 
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Sixty-three  species  or  species  group  categories  were  adopted  for 
systematic  counting  and  the  relative  abundance  values  in  these  cate¬ 
gories  were  determined  at  91  stations.  From  these  91  stations.  9 
stations  outside  the  coastal  regime  were  eliminated  from  further 
analysis  (stations  11-19).  and  7  stations  (27.  42.  58.  61,  "0.  71.  and 
102)  were  eliminated  because  of  evidence  of  reworking  of  older  floras. 
The  data  from  the  following  stations  were  combined  because  of 
proximity  of  the  stations:  64-7,  9-1- 10,  33—34,  35—36,  .37—38.  39—40, 
4.3—44.  484-49,  50-r-5l,  544-56t57,  64—65^66.  69—72,  85—86—87— 
88.  894-90.  9.3-94,  95-101  +  10.3. 

The  original  6.3  species  categories  were  altered  in  the  following 
manner.  Some  species  were  left  out  of  further  data  reduction  because 
they  are  very  rare  in  the  samples  (Coscinodiscus  .4..  C.  asteromphalus. 
Lithodesmium  unduiatum.  Thalassiosira  gravida.  Pseudotriceratium 
punctatum),  or  because  they  are  displaced  benthics  ( Triceratium 
altemans  and  the  category  “marine  benthics"),  or  because  they 
represent  reworked  floras  (i.e.,  Cussia  lancettula).  Some  species  were 
combined  because  similarity  of  morphology  prevented  consistent  dis¬ 
tinctions  between  species  during  routine  counting  procedures,  i.e.. 
Actmocyclus  curvatulus/ Coscinodiscus  rothii:  Thallasiochrix  mediter- 
ranea/T.  longissima:  Thalassiosira  eccemrica/T.  symmetrica/ T. 
punctifera/T.  spinosa:  and  all  Chaetoceros  resting  spores.  To  decrease 
the  number  of  variables,  species  of  similar  distribution  in  our  data  set 
were  combined  as  follows: 

—  Cyclotella  striata  —  Cyclotella  stylorum 

—  Asteromphalus  group  4-  /4.  #1  4-  A.  *2 

—  Coscinodiscus  africanus  —  C.  tabularis 

—  Coscinodiscus  nodulifer  —  C.  radiatus 

—  Coscinodiscus  obscurus  4-  C.  perforatus 

—  Stephanopyxis  palmeriana  4-  S.  turris 

—  Thalassiosira  A  4-  Thalassiosira  B 

—  Thalassiothrix  spp.  4-  T.  mediterranea/T.  longissima  —  T.  frauen- 
feldii 

Further  analysis  then  was  based  on  the  resulting  4.3  taxonomic 
categories.  The  matrix  of  49  stations  and  42  “species"  (Table  II)  was 
the  basis  for  a  Q-mode  (Fortran  IV  program  CABFAC.  FClovan  & 


Imbrie  19"  1.  Imbrie  3c  Kipp  1971)  analysis  of  data.  R-mode  analysis 
(SPSS  Subprogram  FACTOR.  PA2.  Varimax  Orthogonal  Rotation)  of 
the  same  data  set  (but  without  stations  111  and  11.3)  was  also 
accomplished. 


Discussion 

Interpretation  of  our  data  allows  conclusions  regarding  the  location  of 
recurrent  coastal  upwelling  off  Peru  and  regarding  the  identification 
of  species  and  species  groups  characteristic  of  sediments  influenced  by 
coastal  upwelling.  Pre'iminary  data  analysis  supported  the  hypothesis 
that  upwelling  influenced  sediments  may  be  recognized  and  separated 
from  adjacent  regimes  by  the  diatom  composition  of  sediments.  A 
factor  analysis  of  species  counts  in  35  categories  from  70  stations  was 
undertaken  to  verify  a  sediment  signal  of  the  coastal  upwelling 
process.  This  analysis  produced  3  factors  accounting  for  93%  of  the 
variance  in  the  data  set  and  the  factor  loadings  did  generate  inter¬ 
pretable  distribution  patterns  for  these  factors. 

Factor  1.  accounting  for  63%  of  the  variance  (Fig.  2).  has  high 
loadings  in  all  continental  margin  stations.  It  is  dominated  by  the 
resting  spores  of  Chaetoccros.  Factor  2.  accounting  for  20%  of  the 
variance  (Fig.  3),  has  high  loadings  in  the  oceanic  plate  stations.  It  is 
dominated  by  Coscinodiscus  nodulifer.  It  is  not  unexpected  that  83% 
of  the  variance  in  our  data  set  rests  on  the  large  differences  between 
oceanic  and  coastal  phytoplankton  assemblages  since  Q  mode  analysis 
compares  abundant  species.  Factor  3.  accounting  for  10%  of  the 
variance  (Fig.  4),  has  highest  loadings  at  stations  22.  27,  30.  40.  54. 
and  61.  and  is  characterized  by  Cyclotella  smata/stylorum.  This 
factor  did  resolve  distinct  regions  of  importance  for  an  assemblage 
which  may  be  characteristic  of  coastal  upwelling. 


Fig.  2.  Factor  1.  Contours  in  this  figure  and  Figs  3,  4,  7-12  were  drawn,  in  those 
places  where  there  was  poor  sample  control,  so  as  to  conform  to  the  concept  of  a 
sinuous  seaward  boundary  for  upwelling  influenced  sediments.  This  concept  is 
strongly  supported  in  areas  of  good  control.  Fig.  3.  Factor  2.  Fig.  4.  Factor  3. 


Meroplanktic  Species 


Cycloteila  striata/ stylorum.  along  with  two  other  relatively  abundant 
species,  Actinocyclus  octonarius  and  Actinopt/chus  senarvus.  are 
meroplanktic  species,  i.e.,  organisms  which  either  produce  a  resting 
spore  or  possess  a  sedentary  stage  or  dormant  phase  in  their  life  cycle 
(Smayda  1958).  Meroplanktic  species  are  cosmopolitan  in  middle  and 
low  latitudes  and  occur  in  turbulent  near-shore  waters.  Apparently 
none  of  the  meroplanktic  species  abundant  in  sediments  off  Peru 
dominates  phytoplankton  assemblages  in  the  surface  waters  (Strick¬ 
land  et  al.  1969).  But  heavy  silicification  of  the  valves  of  tnese  diatoms 
enhances  their  preservation,  and  the  high  supply  of  all  diatoms  to 
deposits  underlying  areas  of  high  fertility  and  productivity  accounts 
for  the  presence  and  abundance  of  meroplanktic  species  in  these 
sediments. 

When  the  abundance  of  the  meroplanktic  group  of  species  (relative  to 
all  diatom  species)  is  plotted  in  a  depth-shore  distance  profile,  the 
restriction  of  this  component  to  a  particular  depth  and  shore-distance 
range  becomes  apparent  (Fig.  5).  Highest  relative  abundance  occurs 
between  20  and  60  nautical  miles  from  shore  and  in  water  depth  of 
less  than  2500  meters.  Chaetoceros  resting  spores,  which  we  have  seen 
are  also  important  in  sediments  underlying  the  near-shore  productive 
region,  have  their  peak  in  abundance  further  offshore  and  thus  at 
greater  water  depths  (Fig.  6).  Formation  of  Chaetoceros  resting  spores 
may  occur  during  a  Chaetoceros -dominated  stage  of  succession  when 
nutrients  are  nearly  exhausted  in  the  euphoric  zone  (Guillard  dc 
Kilham  I97r).  Thus,  the  offshore  distribution  partem  for  these  spores 
may  be  interpreted  to  reflea  the  seaward  edge  of  nutrient-replete 
surface  waters. 

Zhuse  (1972)  recorded  Chaetoceros  spore  dominance  on  the  shelf  off 
Callao.  She  also  found  that  diatom  assemblages  consisted  of  large 
“nertitic”  species  at  some  of  her  coastal  stations.  She  characterized 


Fig.  5.  Distribution  of  relative  abundance  of  the  meroplanktic  species  group 
( Actinocyclus  octonarius  —  Actinopcychus  senarius  —  A.  splendens  —  Cycloteila 
striata/ stylorum).  Sample  stations  were  plotted  according  to  their  water  depth  and 
distance  perpendicular  to  the  coastline.  Fig.  6.  Distribution  of  relative  abundance  of 
the  Chuctnatrns  resting  spores.  Sample  stations  plotted  as  m  Fig.  5.  Fig.  *.  Occur¬ 
rence  of  Deiphmeis. 
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the  distribution  of  her  moderately-warm  water  —  subtropical  diatom 
complex,  which  consists  chiefly  of  “nentic”  species,  as  corresponding 
with  the  area  of  the  cold  Peru-Chile  current.  The  extension  of  this 
complex  away  from  the  coast  in  the  latitude  of  Callao  (12°  S)  concurs 
in  general  with  the  high  relative  abundance  of  our  meropianktic 
complex  at  stations  39,  40.  54,  55.  5",  59-61.  63-65  and  69-"l. 


Diatom  Abundance 

The  circulation  within  a  coastal  upwelling  regime  accounts  for  its 
anomalous  character  compared  to  adjacent  regimes.  The  familiar 
profile  or  circulation  (Han  3c  Currie  1960)  includes  wind  induced 
offshore  transport  of  surface  water  and  compensating  upwelling  of 
nutrient  rich  deeper  waters.  This  circumstance  provides  for  high 
fertility  and  high  primary  productivity  in  a  near-shore  zone  and 
concomitant  preservation  of  siliceous  microfossils  in  sediments  under¬ 
lying  this  zone.  There  is  a  boundary,  then,  between  the  productive 
coastal  upwelling  region  where  nutrients  upwell  to  the  euphotic  layer 
and  the  less  productive  oceanic  realm  where  light  energy  is  separated 
from  deep  nutrient  reserves.  This  boundary  is  documented  by  our 
surface  sediment  data. 

Our  calculations  of  abundance  of  diatoms  per  gram  of  dry  sediment 
reveal  a  sinuous  boundary  of  the  coastal  upwelling  region  of  high 
abundance  with  the  oceanic  realm,  and  discrete  loci  of  highest 
abundance  within  a  definite  latitudinal  range.  Five  clusters  of  high 
values  occur  at  these  stations:  (1)  23.  24,  26:  (2)  33.  34;  (3)  42.  43.  44: 
(4)  48.  58,  61.  62,  63.  66,  68.  69,  "0.  "1,  ‘2.  '3.  74;  (5)  91.  99.  102. 
Four  areas  are  offset  from  the  coastline  suggesting  offshore  centers  of 
upwelling  influence,  in  addition,  perhaps,  to  the  near-shore  region  of 
high  abundance  evident  at  about  12°  S.  The  inner  shelf  region  is  not 
well  represented  in  the  sample  net:  this  study  is  predominantly  of 
midshelf  of  oceanic  plate  sediments.  Other  inner  shelf  deposirs  were 
not  sampled. 

Available  accumulation  rates  are  in  permissive  agreement  with  the 
coarse  distinction  between  diatom-rich  sediments  within  the  upweiling 
region  and  oceanic  diatom-poor  sediments.  Pb  210  dating  of  the 
uppermost  pan  of  the  cores  from  stations  34  and  65  gives  sedimenta- 
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non  rates  of  140  cm/  1000  years  and  66  cm/ 1000  years  respectively. 
Accumulation  rates  calculated  tor  these  cores  [dry  bulk  density  (salt 
corrected)  X  sedimentation  rate  X  number  of  diatoms/ gj  are  ".4  and 
0.3  million  diatoms/ cm2  year.  On  the  other  hand,  accumulation  rates 
for  oceanic  plate  sediments  range  from  zero  to  about  0.05  million 
diatoms/ cm2 /year. 

Zhuse  (1972)  also  established  the  existence  of  a  region  of  highly 
siliceous  facies  in  a  restricted  area  near  Peru,  and  her  figure  of  20-50 
million  valves/ gram  of  sediment  on  the  shelf  and  trench  near  Callao  is 
in  general  agreement  with  our  data  (.her  data  did  not  include  the  area 
south  of  Pisco  between  13  1/2°  and  19°  S).  She  also  remarked  that  the 
quantitative  distribution  of  diatoms  in  the  surface  layer  of  sediments 
is  “highly  uneven".  Variations  are  indeed  great  in  sediments  at  the 
coastal  stations.  Our  data,  as  was  stated  above,  could  not  be  en¬ 
compassed  by  simple  contours  parallel  to  the  coast. 


Occurrence  of  Delp hineis 

The  distribution  of  one  species  of  the  genus  Delphineis  matches  in  its 
occurrence  offshore  areas  of  highest  diatom  abundance  per  gram  i  Fig. 
7).  Areas  of  greatest  relative  abundance  (greater  than  2%)  are  centered 
at  station  23  and  at  station  60  matching  the  two  major  centers  of 
diatom  valve  abundance,  near  8°S.  and  between  1.3  and  14°  S.  Delphi¬ 
neis  is  present  in  greater  than  1%  relative  abundance  at  stations  95 
and  99.  in  the  center  of  high  abundance  of  diatoms  per  gram  around 
17°  S.  It  is  relatively  abundant  (1. 4-3.3%)  near  station  42  where 
diatom  abundance  was  also  greater  than  30  million  valves,  gram. 

Delphineis  is  of  particular  interest  as  it  may  be  a  specific  indicator  of 
coastal  upwelling.  We  have  found  that  it  occurs  only  in  active  coastal 
upwelling  regions  of  the  present  and  in  deposits  representing  locations 
affected  by  very  productive  coastal  surface  waters  of  the  past.  The 
taxonomy  of  this  genus  is  currently  under  revision.  Simonsen  (1974) 
described  a  form  from  the  Indian  Ocean  as  Rhaphoneis  surirelloides. 
some  specimens  of  which  we  feel  belong  into  the  genus  Delphineis  as 
defined  by  Andrews  (1977).  A  similar  form  described  by  Fryxell  & 
Miller  (1978)  from  the  west  coast  of  South  Africa  as  Fragilana 
karstenii  probably  also  belongs  to  this  genus.  In  addition.  Rhaphoneis 
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ischaboensis.  found  by  Zhuse  (19“2)  in  sediments  off  Peru,  and 
described  by  Mertz  (1966)  from  the  Pisco  Formation,  lias  strong 
affinities  for  Delphineis. 


Relative  Abundance  Data 

The  relative  abundance  data  for  all  43  species  categories  (Table  II) 
were  examined  in  order  to  identify  species,  or  groups  of  species, 
characteristic  of  coastal  upwelling.  The  patterns  produced  by  these 
basic  data  may  also  be  used  to  characterize  sediments  underlying  a 
coastal  upwelling  regime  and  to  describe  the  geographic  limits  of 
influence  of  the  coastal  upwelling  phenomenon  on  surface  sediments. 
The  sinuous  pattern  of  sedimentation  of  important  diatom  species 
and  species  groups,  and  the  localized  high  abundances  of  species  and 
groups  distinguishes  this  region. 

Important  species  with  highest  abundance  outside  the  coastai  region 
between  7°  and  18°  S  include:  Coscinodiscus  nodulifer.  Pseudoeunocia 
doliolus.  and  Thalassionema  niczschioides  v.  parva.  The  category 
Coscinodiscus  nodulifer  —  C.  radiatus  is  present  in  greater  than  20% 
at  all  stations  west  of  84°  W  with  a  high  value  of  61.1%  at  station  2l. 
But  it  also  has  high  abundance  (greater  than  15%)  at  these  stations:  8. 
22,  25,  .35—36,  45,  55,  74,  76.  ~n\  and  occurs  in  ail  samples  examined. 
As  Zhuse  suggested  (1972),  the  distribution  of  a  complex  of  diatoms 
associated  with  the  "tropical”  region  may  be  illustrated  by  the 
distribution  of  Coscinodiscus  nodulifer.  The  eastern  boundary  of  this 
complex  must  be  characterized,  however,  as  approching  and  receding 
from  the  coast  as  it  outlines  the  areas  of  upwelling  influence  men¬ 
tioned  above  (Fig.  8). 

Pseudoeunocia  doliolus  occurs  in  greater  than  5%  at  aimost  ail 
stations  on  the  oceanic  plate,  but  it  also  occurs  in  greater  than  5%  at 
stations  77,  82,  and  84.  Thalassionema  nitzschioides  v.  parva  occurs 
on  the  margin  in  greater  than  5%  at  stations  4,  6-J-r,  8.  45.  64— 05- 


Figs  8-12.  Relative  abundances  of  Coscinodiscus  nofulifer/C.  radiatus.  Cydoteila 
smara/sryiorum.  Acnnocyclus  octonartus.  Actinoptychus  senanus.  and  the  Thaias- 
siosira  eccenrrica  group.  —  Fig.  13.  Shannon-Wiener  diversity  values  snowing  a 
displacement  offshore  of  highest  values. 
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66,  and  83.  Other  species  identified  as  characteristic  of  tropical 
oceanic  waters  which  are  present  in  lesser  percentages  include  Thalas- 
siosira  oesttnipn.  Roperia  tesselata.  and  Rhizosolenia  bergonii. 

Important  species  east  of  84°  W  include  Chaetoceros  resting  spores. 
Cyclotella  striata/stylorum.  Actinocyclus  octonarius.  Actinoptychus 
senarius.  Thalassionema  nitzschioides.  and  the  Thaiassiosira  eccentri- 
ca  group. 

Chaetoceros  spores  reach  75-85%  of  the  entire  population  at  our  southern¬ 
most  stations,  111  and  113,  which  is  in  agreement  with  Zh  use's  (1972)  data 
from  off  Antofagasta(23-24°S).  However,  we  also  found  high  percentages 
(greater  than  50%)  at  stations  4,  23,  24,  33-1-34,  42,  48+49.  and  62,  as 
well  as  in  8  stations  in  the  region  not  covered  by  the  Russian  survey: 
74.  75.  85-88,  91.  93—94,  95-101^-103,  104,  and  105.  In  fact  there  are 
on.iv  9  margin  stations  with  values  less  than  30%  Chaetoceros  resting 
spores:  22.  25,  28,  30.  37-38.  39-40,  60,  82,  and  92. 

Cyclotella  striata/stylorum  has  a  maximum  abundance  of  .35%  at 
station  22,  greater  than  20%  at  28  and  15-20%  at  25,  26,  30  and  55.  It 
is  present  at  all  margin  stations  and  is  greater  than  5%  at  32  stations 
(Fig.  9). 

Actinocyclus  octonarius  occurs  in  greater  than  10%  relative  abun¬ 
dance  at  6  stations  with  a  maximum  of  30.8%  at  stations  89m 90.  High 
abundances  occur  in  the  following  additoril  stations:  28,  30.  37+38, 
39+40,  and  92  (Fig.  10). 

Actinoptychus  senarius  occurs  (with  a  maximum  of  25.5%  at  station 
60)  in  greater  than  5%  at  23  stations  but  in  greater  than  10%  at  only  9 
stations:  5,  25,  28,  35—36,  46,  50—51,  55,  59,  and  60  (Fig.  11). 

The  Thaiassiosira  eccentrica  group  occurs  in  1-5%  at  many  nearshore 
stations  between  11  and  18°  S  (Fig.  12),  Station  60  shows  an  especially 
high  percentage  of  26.5%. 

Thalassionema  nitzschioides  occurs  in  margin  samples  at  greater  than 
10%  at  24  stations.  This  category  includes  all  forms  of  this  species  as 
described  by  various  authors  (Heiden  3c  Kolbe  1927,  Hustedt  1959, 
Van  Heurck  1880,  Frenguelli  1949,  Hasle  3c  de  Mendiola  1967,  Hasle 
1960,  Kolbe  1954,  1955,  1957.  and  Mertz  1966)  except  the  variety 
parva. 


Factor  Analysis  of  Samples  in  the  Coastal  Region 


Q-mode  factor  analysis  was  applied  to  reveal  the  major  patterns  of 
variation  within  the  coastal  upwelling  region  itself.  98%  of  the  total 
variance  in  the  diatom  taphocoenoses  was  accounted  for  by  five 
factors.  The  species  which  were  major  contributors  to  these  5  factors 
are  the  Chaetoceros  resting  spore  group  already  mentioned,  Coscmo- 
discus  nodulifer/C.  radiatus  characteristic  of  oceanic  waters,  and  four 
other  species:  Actinocyclus  octo nanus.  Cyclotella  striata/ stylorum. 
Actinopcychus  senarius.  and  the  Thalassiosira  eccentrica  species 
group  (see  Table  III  for  the  calculated  factor  scores  showing  the 
contributions  of  these  species  and  groups  to  the  five  factors).  The 
Varimax  Factor  matrix  in  Table  IV  indicates  the  importance  of  each 
factor  at  each  site  and  the  distribution  of  these  factor  loadings 
supports  the  major  conclusions  with  regard  to  the  character  of  the 
upwelling  influenced  region. 

The  sediments  influenced  by  upwelling  do  indeed  have  a  diatom  flora 
which  is  distinct  from  that  of  sediments  associated  with  adjacent 
oceanographic  regimes.  69%  of  the  variance  in  the  data  is  located  in 
two  factors  which  define  this  distinction.  The  boundaries  of  the  near¬ 
shore  productivity  region  coincide  with  the  area  of  highest  loadings 
for  Factor  1  in  which  the  Chaetoceros  resting  spore  group  is  domi¬ 
nant.  The  highest  loadings  for  Factor  2  reflect  the  incursions  of  a 
more  oceanic  assemblage. 

The  characterization  of  the  upwelling  regime  as  producing  tongue-like 
patterns  of  sedimentation  for  almost  all  diatom  species  and  species 
groups  found  in  sediments  is  also  supported  in  this  analysis.  The 
loadings  of  those  factors  dominated  by  meroplanktic  species  illustrate 
the  discontinuous  nature  of  the  upwelling  signal  in  the  sediments. 
That  is,  our  findings  are  in  permissive  agreement  with  a  concept  in 
which  high  primary  production  as  a  result  of  coastal  upwelling  occurs 
in  relatively  stable  plumes  or  areas  of  upwelling  (SCOR  Wg  .36  197.3, 
1974,  1976).  Our  work  can  be  considered  along  with  other  observa¬ 
tions  and  efforts  in  modelling  upwelling  ecosystems  which  have  modi¬ 
fied  the  more  conventional  view  of  upwelling  as  a  continuous  band  of 
nutrient-  and  phytoplankton-rich  water  parallel  to  the  coast. 

The  Q-mode  factor  analysis  satisfied  our  interest  in  the  relation¬ 
ships  among  the  samples.  Interest  in  species  associations  or  assem- 
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blages  required  R-mode  analysis  in  which  even  the  rarely  encountered 
species  would  receive  equal  consideration  along  with  the  abundant 
forms  that  dominated  the  cross-products  matrix  analysis  of  CABFAC. 
28  R-mode  factors  were  necessary  to  account  for  90%  of  the  variance. 
This  is  not  unexpected  considering  the  patchy  distribution  of  many 
species  (see  Fig.  13  for  a  map  of  the  Shannon/ Wiener  diversity  values 
for  our  samples).  66.5%  of  the  variance,  however,  could  be  explained 
by  10  factors  (Tables  V  and  VI).  Many  of  these  factors  pointed  to  a 
variety  of  distribution  patterns  within  the  two  major  realms  recog¬ 
nized  in  the  first  two  factors  of  the  Q-mode  analysis:  Five  factors 
(explaining  together  60.0%  of  the  variance  explained  by  the  10  factors) 
are  interpreted  as  describing  relationships  between  oceanic  diatom 
complexes  and  elements  of  the  predominantly  meroplanktic  upwelling 
assemblages. 

Some  of  these  factors  deserve  special  mention.  The  assemblage  most 
characteristic  of  oceanic  waters,  and  accounting  for  25%  of  the 
variance  explained  by  the  10  factors,  included:  Coscinodiscus  noduli- 
fer/C.  radiatus.  Nitzschia  marina,  Pseudoeunotia  doliolus.  Rhizoso- 
lenia  bergonii.  and  Thalassionema  nitzschioides  v.  parva.  Important 
to  negative  loadings  in  this  factor  were  Chaetoceros  resting  spores. 
Another  factor  explaining  14.4%,  collected  Actinoptychus  senarius. 
Stephanopyxis  paimeriana/S.  turns  and  Thallasiosira  species, 
including  the  Thalassiosira  eccemrica  group  and  T.  oestrupii. 
Actinoptychus  curvatulus/ Coscinodiscus  rothii,  members  of  the  genus 
Asteromphalus.  Coscinodiscus  africanus/C.  tabularis  form  an  assem¬ 
blage  which  has  a  pattern  of  distribution  which,  loosely,  is  inverse  to 
that  of  Actinocyclus  octonarius.  Cyclotella  striata/ stylorum  and  Cos¬ 
cinodiscus  obscurus/C.  perforatus  are  important  in  a  distribution 
pattern  occurring  mainiy  north  of  13°  S. 

The  distribution  of  the  Delphineis  species  was  also  highlighted  in  one 
factor  (Factor  10,  accounting  for  5%  of  the  variance  explained  by  the 
10  factors)  in  which  this  species  dominated  the  factor  loadings.  It  is 
significant  that  this  relatively  rare  species  helps  account  for  a  portion 
of  the  variance,  from  an  objective  statistical  viewpoint  as  well  as  from 
our  more  subjective  view. 

Of  special  interest  was  a  factor  (Factor  7)  accounting  for  6.5%  of  the 
variance  explained  by  the  10  factors.  The  highest  factor  loadings 
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define  an  area  coinciding  with  offshore  regions  of  high  abundance  of 
diatoms  in  the  sediments.  Skeletonema  costatum.  a  dissolution  sensi¬ 
tive  species,  is  important  in  this  factor.  Its  occurrence  in  the  sedi¬ 
ments  (Table  II)  corresponds  to  the  area  of  the  highest  factor  load¬ 
ings.  and  its  presence  in  sediments  below  even  3000  meters  water 
depth  is  a  reflection  of  the  abundant  supply  which  enhances  diatom 
preservation  over  this  narrow  region.  Skeletonema  costatum  is.  then, 
another  indicator  species  for  coastal  upwelling  off  Peru  as  it  also 
points  to  the  influence  of  high  productivity  induced  by  coastal  up- 
welling. 

In  summary,  we  have  established  a  base  line  for  coastal  upwelling  off 
Peru  which  can  be  described  by:  (1)  the  sinuous  partem  of  relative 
abundance  of  individual  species  and  species  groups,  and  of  species 
collected  by  factor  analysis  to  describe  the  variation  between  samples, 
and  (2)  the  occurrence  of  discrete  centers  of  upwelling  influence, 
marked  by  high  abundances  of  some  indicator  species,  including  the 
“endemic''  Delphineis  species.  Areas  of  upwelling  influence  occur  off 
Peru  at  about  8°.  1.3-14°,  and  about  17°  S. 

Comparison  of  our  surface  base  line  with  surface  samples  from 
another  upwelling  area  will  help  verify  a  common  response  of  bio- 
genous  components  to  coastal  upwelling  in  other  geographic  areas. 
Historical  variation  in  the  location  and  intensity  of  upwelling  may  be 
determinable  by  downcore  studies  of  the  fluctuation  in  the  abundance 
of  diatoms  and  in  the  relative  abundance  of  species  groups  that  we 
have  shown  to  testify  to  the  influence  of  coastal  upwelling.  Preliminary 
analysis  of  downcore  samples  from  one  core  (W706-64)  within  the 
coastal  upwelling  influenced  region  strongly  suggests  that  historical 
variation  in  the  abundance  of  the  oceanic  versus  the  meropianktic 
component  is  of  significance.  The  parallel  occurrence  of  Delphineis 
supports  an  interpretation  of  hemipelagic  and  pelagic  intervals  based 
on  sediment  color  change.  Further  analysis  of  downcore  samples  from 
this  and  other  stations  within  the  upwelling  region  will  establish  the 
persistence  of  the  phenomenon  over  time  and  the  reoccurrence  of 
parameters  that  we  have  shown  to  be  evidence  of  the  influence  of 
coastal  upwelling. 
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Optical  and  Paniculate  Propenies 
at  Oceanic  Fronts 

J  Ronald  v.  Zaneveld  and  Hasong  J.  Par 

School  oj  Oceano%rapny.  Oregon  State  University.  Corvallis.  Oregon  97?  j’/ 

Distributional  patterns  of  optical  and  particulate  properties  at  oceanic  fronts  follow  general  patterns. 
These  patterns  are  examined  by  means  ot' three  examples:  the  front  associated  with  the  Columoia  River 
plume  in  winter,  the  upwellmg  front  otf  the  Oregon  coast  during  the  summer,  and  the  front  in  the  eastern 
equatorial  Pacihc.  It  is  shown  that  the  optical  and  particulate  matter  distributions  at  oceanic  fronts  are 
the  result  of  three  major  processes:  1 1)  advection  of  inorganic  matter  into  the  frontal  zone.  '21  advection 
of  biological  matenals  into  the  front,  and  <  3 1  generation  of  particulate  matter  by  biological  processes  in 
the  front  itself. 


Introduction 

The  distribution  of  optical  and  particulate  properties  of 
oceanic  fronts  is  influenced  by  the  dynamics  at  the  front  ooth 
directly  by  means  of  advection  and  mixing  of  particulate  mat¬ 
ter  and  indirectly  by  means  of  biological  processes  m  the  spe¬ 
cial  environment  of  the  front.  There  are  many  types  of  fronts. 
Of  the  six  types  listed  by  Bowman  (1973]  we  will  here  present 
optical  and  panicle  distributions  of  three  types:  (Da  front  at 
the  boundary  of  a  nvenne  plume,  the  Columbia  River  plume 
in  winter.  \  2)  a  coastal  upweilwg  front,  and  1 3)  a  front  of  plan¬ 
etary  scale,  the  equatorial  front  in  the  east  equatorial  Pacific. 

Since  a  front  is  the  boundary  between  two  water  masses 
wuh  different  temperature,  density  or  other  characteristics, 
one  can  also  expect  different  optical  characteristics  as  the  bio¬ 
logical  environments  on  either  side  of  the  front  are  probably 
dissimilar.  Since  the  water  masses  have  a  different  origin  and 
history,  the  inorganic  component  of  the  suspended  matter  can 
be  expected  to  differ  as  well. 

The  light  scattering  characteristics  of  a  water  mass  depend 
largely  upon  the  nature  of  the  suspended  materials,  since  the 
scattering  due  to  water  itself  is  usually  small  compared  to  that 
due  to  suspensoids.  The  light  absorption  characteristics  of  a 
water  mass  are  due  to  water  itself,  dissolved  salts,  and  the  so- 
called  'veilow  matter’  i  humic  acids,  by-products  of  organic 
decay).  Attenuation  is  the  sum  of  light  scattering  and  absorp¬ 
tion.  For  oceanic  waters,  light  scattering  is  the  more  variable 
parameter  In  the  vtsible  region  of  the  spectrum  attenuation  is 
due  to  absorption  and  scattering  by  paniculate  matter,  ab¬ 
sorption  by  yellow  matter  and  attenuation  due  to  'pure'  sea¬ 
water.  Absorption  by  yellow  matter  is  strongly  wavelength  de¬ 
pendent.  in  the  visible  region  decreasing  exponentially  with 
increasing  wavelength.  One  can  closely  approximate  the  at¬ 
tenuation  due  to  panicles  only  by  measuring  the  anenuatton 
coefficient  at  a  wavelength  larger  than  600  nm.  where  yellow 
matter  absorption  is  very  low.  and  subtracting  the  attenuation 
due  to  water. 

The  directional  properties  of  the  scattering  are  described  by 
the  volume  scattering  function.  13(8). 

The  volume  scattering  function  is  defined  by 
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dm 

£  dv 


m~'  sr" 


Coovnght  5  1919  by  the  American  Geophysical  Union. 


where  d/(8)  is  the  radiant  intensity  of  scattered  light  emanat¬ 
ing  from  the  volume  element  dv  when  u  is  illuminated  by  an 
irradiance  £.  The  total  scattering  coefficient  b  is  then  given  by 


6*2?/  j3(  8)  sin  8  a8  m" 
*0 


If  we  then  denote  the  absorption  coefficient  by  a  .  m"i.  we 
may  set 


c  *  |m*')  a  -  b  m“ 

where  :  is  the  attenuation  coefficient.  The  light  scattering 
properties  of  suspended  matter  are  related  to  other  properties 
of  the  suspensoids  in  a  complicated  manner  For  a  given 
sample,  the  light  scattering  depends  on  the  concentration,  size 
distribution,  index  of  refraction  distribution,  and  shape  distri¬ 
bution  of  the  suspended  matter  In  confined  areas,  the  latter 
three  parameters  are  often  nearly  constant,  so  that  the  particu¬ 
late  light  scattering  and  attenuation  can  be  considered  to  oe 
proportional  to  the  particulate  matter  concentration.  For  a  re¬ 
view  of  the  optical  properties  of  seawater,  see  Jertov  j  1 9i(jj. 

Particulate  matter  concentration  can  be  described  as  a 
weight  concentration  if  the  samples  are  obtained  bv  nitration 
and  weighing,  or  as  a  volume  concentration  if  a  resistive  putse 
(such  as  Coulter)  counter  is  used.  The  slope  of  the  panicle  size 
distribution  can  be  used  as  an  indicator  of  the  average  size  of 
the  particles.  In  order  to  do  so  one  must  assume  a  mathemati¬ 
cal  model  for  the  size  distribution.  The  most  commonly  em¬ 
ployed  one  is  the  Junge  or  hyperbolic  dtstnbution  given  by 

S.D)  -  SD-C 

where  g(D)  is  the  number  of  panicles  with  diameters  larger 
than  D  am.  .V  is  the  number  of  panicles  larger  than  i  um  m 
diameter,  and  C  is  the  slope  of  the  size  distribution.  C  is  in¬ 
versely  related  to  the  mean  size  of  the  panicles.  A  measure  of 
the  index  of  refraction  of  suspended  panicles  can  be  obtained 
by  using  the  method  of  Zaneveld  and  Pak  [19"3|.  or  Zaneveld 
etal.  {(974|. 

Paniculate  matter  parameters  and  hence  optical  parameters 
in  the  ocean  are  nonconservative.  The  concentration  and 
composition  of  suspended  matter  in  a  water  mass  change  con¬ 
stantly  due  to  settling,  biological  activities,  iocculauon.  and 
chemical  reactions  These  processes  do  take  time  however  so 
that  within  scales  of  tens  of  kilometers  anil  davs.  paniculate 
matter  parameters  tend  to  behave  conservatively 
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Fig.  I.  Salinity,  light  scattering  at  45a.  and  total  panicle  volume  at  0-  and  25-m  depth  off  the  Oregon- Washington  coast 

during  November  1973. 


Large  gradients  of  temperature,  salinity,  and  density  are 
generally  accompanied  by  large  gradients  in  panicle  and  opti¬ 
cal  properties,  as  the  hydrographic  differences  constitute  dif¬ 
ferent  biological  climates.  The  inorganic  particle  component 
is  also  likely  to  be  different  due  to  the  different  histones  of  the 
water  masses. 

A  number  of  researchers  have  published  data  from  regions 
where  fronts  are  common  (for  example.  Gibbs  (I974|,  Amazon 
River  outflow;  Kulltnbtr%  [1974|,  West  African  upwelling  re¬ 
gion).  Zaneveid  a  ai.  [I9fi9|  have  reported  an  observation  of 
optical  properties  at  a  front  obtained  by  towing  a  beam  trans- 
missometer  across  the  from.  Pak  and  Zanevtld  [1974|,  have 
used  optical  properties  to  study  frontogenesis  in  the  eastern 
Pacific  Ocean. 

First,  we  will  consider  a  front  during  a  period  when  biologi¬ 
cal  activity  is  minimal,  so  that  the  only  nonconservative  fea¬ 
ture  of  the  particle  dynamics  is  settling.  Such  a  front  occurs  at 
the  edge  of  the  Columbia  River  plume  in  the  winter  Fronts 
associated  with  large  biological  activities  display  more  com¬ 
plicated  optical  and  particle  parameter  distributions  than  the 


front  associated  with  the  Columbia  River  plume  in  winter. 
Such  biologically  active  fronts  occur  at  those  locations  where 
a  large  density  gradient  is  accompanied  by  a  nutrient  gradi¬ 
ent.  In  this  paper,  we  will  discuss  two  such  fronts.  The  first  is  a 
front  associated  with  coastal  upwelling  off  the  Oregon  coast. 
The  second  is  the  equatorial  front  found  in  the  eastern  Pacific. 

The  Columbia  River  Plume  Front 

Figures  la-1/  show  distributions  of  three  parameters  associ¬ 
ated  with  the  Columbia  River  front.  In  the  winter  and  fail 
(these  data  were  taken  during  November  1973)  .he  nearshore 
current  is  toward  the  north.  The  fresh  ano  particle  rich  river 
water  forms  a  strong  salinity  and  optical  front  near  the  nver 
mouth  (Figures  la.  Ih.  and  lc).  The  optical  properties,  for  ex¬ 
ample  light  scattering  at  45’.  JiJS’).  at  :he  surface  jhows  the 
offshore  boundary  of  the  plume  io  be  virtually  identical  :o 
that  denned  by  the  salinity  distribution  at  the  surface.  The  to¬ 
tal  particle  volume  shows  a  similar  distribution  The  river  wa¬ 
ter  mixes  with  the  ocean  water  as  it  '.ravels  north,  and  hence 
the  front  is  weakened.  The  optical  and  panicle  fronts  at  the 
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Fig.  2.  Index  of  ref  raction  of  suspended  paniculate  matter  reiauve 
-.0  water  in  the  same  region  as  Figure  !.  The  parameter  plotted  is  i  rel¬ 
ative  index  of  refraction  -li  *  100. 

surface  do  not  weaken  more  rapidly  :han  tile  salinity  front, 
nor  is  ’.Here  any  evidence  of  settling  as  there  is  no  apparent 
north-south  gradient  of  light  scattering  or  panicle  volume  in¬ 
side  of  the  nver  plume.  Over  a  distance  of  some  90  km  along 
the  plume  the  optical  and  panicle  properties  at  the  surface 
thus  behave  in  a  conservative  manner. 

The  subsurface  front  i Figures  Id.  le.  and  If)  presents  dif¬ 
ferent  features.  At  25-m  depth  the  salinity  land  hence  density) 
from  is  much  weaker  than  at  the  surface,  whereas  the  optical 
and  pamcie  fronts  ire  stronger  than  at  the  surface.  The  much 
ess  dense  nver  water  tends  to  stay  at  the  surface,  whereas  a 
fraction  of  the  paniculate  matter  tends  to  settle.  This  sorting 
of  particles  must  occur  already  in  the  nver  mouth  itself,  as  no 
further  evidence  of  settling  i  reduction  of  particle  concentra¬ 
tion  m  a  poleward  direction  along  the  axis  of  the  nver  plume) 
is  present.  In  addition,  bottom  nephelotd  layers  could  contrib¬ 
ute  to  the  panicle  concentration  at  25-m  depth  since  the  water 
depth  in  this  region  is  approximately  25-30  m.  The  weather 
and  water  conditions  do  not  vary  a  great  deal  meridionally  in 
the  area  of  study,  so  that  the  bottom  nephelotd  layer  in  this  re¬ 
gion  does  not  vary  to  a  large  extent  within  the  plume  (about 
90  kra  along  the  Washington  coast  I.  Thus  the  high  panicle 
concentration  under  the  Columbia  River  plume  shown  at  the 
25-m  level  may  partly  be  drawn  from  nver-bome  panicles 
and  panly  from  the  bottom  nephelotd  layer  generated  by  win¬ 
ter  storm  activity  For  a  further  discussion  on  the  formauon  of 
bottom  nephelotd  layers  along  the  Oregon  coast,  see  Pak  and 
Zanevetd  ( 1 977], 

The  index  of  refraction  of  suspended  particles  were  calcu¬ 
lated  using  the  method  of  Zaneveld  and  Pak  ( 1 973]  ( Figure  2). 
The  number  plotted  is  (relative  index  of  refraction  -lix  100 
1 1  is  seen  ihat  an  index  of  refraction  gradient  exists  at  the 
from.  The  high  index  of  refraction  material  in  ;he  plume  is 
probably  suspended  matter  of  terrigenous  origin.  The  otfshore 


waters  with  a  higher  proportion  o'  biological  material,  nave  - 
lower  inoex  of  refraction. 

Coastal  L'pwelling  Front 

Stevenson  v.  ai.  ( 1 9~-t]  and  Mooers  et  ai.  ,'!9"ni  describe  i 
circulation  near  the  from.  Shoreward  of  the  front  the  iow 
consists  of  onshore  flow  over  most  of  the  water  column,  with 
fast  offshore  how  in  a  shallow  surface  layer.  At  the  from  the 
fast  offshore  how  meets  the  lighter  water  mass  ana  hows  un¬ 
der  u  offshore.  Offshore  of  the  front,  another  upweiiing  cell 
circulating  in  the  same  sense  is  found.  A  simpler  modei  of 
zonal  circulation  is  presented  by  Huyer  [I976|  In  that  case 
only  one  cell  is  present  and  ihe  from  is  a  surface  divergence.  It 
is  possible  that  both  types  of  circulation  exist,  the  one  ceil  dur¬ 
ing  the  height  of  an  upwellmg  event,  ana  me  two  ceil  during 
relaxation.  Little  direct  evidence  for  the  onshore-off-shore 
Sow  regime  exists,  and  the  optical  data  can  be  particularly 
useful  in  such  a  case  [Pak  ei  ai.,  1 9'0:  Kuerten  a  at..  ;9"S|. 

We  will  examine  here  the  data  from  a  cruise  during  August 
of  1974  off  the  Oregoa  coast.  The  wind  was  weak  and  variable 
1 2-5  m/s)  during  the  cruise,  bui  in  the  preceding  week  up- 
wetling  favorable  winds  have  been  present.  Some  aspects  of 
these  data  are  discussed  in  Kitcnen  et  ai  [  197g|. 

Figure  3  shows  ihe  light  transmission  ai  ooO  am.  the  log  log 
slope  of  the  cumulative  sue  distribution  and  the  temperature 
for  three  consecutive  transects  taken  at  a5=N  latitude  from  0 
to  20  km  offshore.  The  three  consecutive  transects  were  taken 
in  less  than  48  hours,  so  they  show  the  temporal  variations  in 
the  zonal  iow  regime.  In  all  three  transects  strong  surface  op¬ 
tical  (and  hence  particle  concentration)  fronts  occur  ai  5-12 
km  offshore.  Only  in  the  third  transect  is  there  evidence  of  a 
temperature  front  at  the  same  location.  Al  all  transects  a 
strong  ihermockne  is  present  as  well  as  a  particle  maximum 
i indicated  by  a  transmission  minimum)  that,  between  5  and 
15  km  offshore,  is  located  2.5  m  beneath  the  bottom  of  the 
surface  mixed  layer,  coinciding  wuh  the  thermocime.  Figure  a 
shows  vertical  profiles  of  a.  and  particle  volume  calculated 
from  transmission  values.  The  maximum  panicle  concentra¬ 
tion  occurs  at  the  surface  inshore  of  ihe  from  and  at  about  5- 
m  depth  offshore  of  the  front.  It  should  further  be  noted  that 
the  optical  surface  front  is  associated  wuh  a  large  horizontal 
gradient  in  the  slope  of  the  particle  size  distribution.  Since 
small  slopes  in  particle  size  distributions  imply  a  relative 
abundance  of  large  particles  and  vice  versa,  it  is  seen  that  the 
particles  shoreward  of  the  front  are  on  the  average  much 
larger  than  those  seaward  of  the  front.  This  is  further  demon¬ 
strated  by  the  particle  size  distributions  themselves  (Figure  5). 
Clearly,  two  types  of  size  distributions  are  present:  i  U  inshore 
of  the  front  ut  3.7  km  offshore)  at  l-m  depth,  the  concentra¬ 
tion  of  large  particles  is  two  orders  of  magnitude  larger  than 
offshore  of  the  front.  (2)  ai  5-m  depth  the  front  is  not  quite  as 
sharp,  but  an  order  of  magnitude  separates  the  large  particle 
concentration  at  "  4  and  1 1  1  km  offshore. 

Nutrient  and  chlorophyll  a  data  taken  at  the  same  time  as 
the  data  in  Figure  3 d  show  that  there  is  a  large  overlap  in  the 
region  of  high  chlorophyll  concentration  near  the  coast  and 
the  region  of  low  slopes  of  ihe  cumulative  size  oistnbution. 

Zooplankton  biomass  determinations  were  made  three  days 
prior  to  the  data  displayed  on  Figure  3u.  The  time  difference 
is  large  in  a  region  of  high  variability,  but  it  was  noted  that  the 
zooplankton  biomass  is  highest  in  regions  of  high  chlorophyll 
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Fig.  4  Vertical  profiles  of  paniculate  volume  i  computes  from 
light  transmission  values)  and  density  for  typical  stations  inshore  and 
offshore  of  the  panicle  front. 

and  panicle  concentration.  The  offshore  near-surface  water 
had  2  orders  of  magnitude  less  zooplankton  biomass  than  the 
near-shore  near-surface  water 

It  is  generally  assumed  [Mooers  et  al..  1978)  that  upweiling 
introduces  nutrient  nch  water  into  the  euphotic  zone  near¬ 
shore.  permitting  rapid  growth  of  phytoplankton.  The  size  dis- 
tnbutions  (Figure  51  shows  that  these  inshore  plankton  consist 
of  a  relatively  large  number  of  larger  plankton  (log-log  slopes 
are  less  than  3.0).  Offshore  of  the  front  the  surface  waters  are 
poorer  in  nutrients  and  contain  few  particles.  Thus  the  par¬ 
ticle  distribution  supports  the  phytoplankton  growth  condi¬ 
tions  across  the  front.  At  the  thermochne  there  is  still  enough 
light  to  permit  growth,  and  nutrients  are  also  present  although 
in  small  quantity.  These  nutrients  reach  the  thermoctine  by 
means  of  upward  diffusion  from  the  nutrient  nch  deep  water 
The  thermochne  is  a  stable  environment  in  which  particle 
residence  tunes  can  be  large  and  in  which  nutrients  and  sun¬ 
light  are  available.  Hence  a  vertical  panicle  maximum  ls  pres¬ 
ent  at  the  thermocline  offshore  of  the  front.  An  tmponant  re¬ 
sult  is  the  distinctly  different  size  distributions  inshore  and 
offshore  of  the  front.  While  the  numbers  of  small  panicles  on 
either  side  of  the  front  are  of  the  same  order  of  magnitude,  the 
number  of  large  panicles  differ  by  two  orders  of  magnitude. 
Abundance  of  the  layer  particle  inshore  of  the  front  ts  consis¬ 


tent  with  favorable  grow  conditions  for  phytoplankton,  which 
owes  to  nutrient  supply  associated  with  upweiling.  Thus  the 
front  separates  distinct  biological  environments  which  ire 
manifested  in  optical  and  parncie  characteristics. 

Equatorial  Front 

The  front  of  the  eastern  equatorial  Pacific  has  been  ae- 
scnbed  by  Wyrtki  [1966],  Wooster  [1964],  Stevenson  et  al. 
[1970],  and  Pak  and  Zanevetd  [1974]  The  front  is  a  per¬ 
manent.  shallow  feature  conhned  to  the  upper  100  m.  The  lo¬ 
cation  vanes  seasonally.  The  front  is  probably  related  to  up- 
welling  in  the  equatorial  undercurrent  Cromwell  Current). 
Near  the  Galapagos  Islands  the  front  is  approximately  ori¬ 
ented  in  a  zonal  direction. 

The  equatorial  front  is  similar  to  the  upweiling  front  off  Or¬ 
egon  in  that  a  colder,  nutnent  nch  water  mass  is  aaiacent  to  a 
warmer,  nutnent  poor  water  mass  i  Figures  oa-od).  The  result¬ 
ant  dtsmbution  of  optical  properties  is  dissimilar  to  that  off 
Oregon  (Figure  ~a).  Whereas  in  the  coastal  upweihng  front 
the  maximum  light  scattering  ind  minimum  transmission  oc¬ 
curred  in  the  cold,  nutnent  nch  water,  in  the  equatonal  front 
region,  the  light  scattering  maximum  appears  to  occur  on  the 
nutnent  nch  side  of  the  frontal  zone  itself.  This  observation  is 
supported  by  the  panicle  concentration  data  i  Figure  ~b  I.  A 
comparison  between  the  two  frontal  regions  should  not  be 
earned  too  far  as  the  scales  are  completely  different,  the  equa¬ 
tonal  frontal  zone  being  tens  of  kilometers  wide.  A  study  of 
the  panicle  sue  distnbutions  shows  a  weak  indication  of  a 
band  of  larger  average  particle  sue  at  the  front. 

Discussion  and  Conclusions 

If  we  define  an  oceanic  from  as  the  boundary  between  two 
water  masses,  then  this  front  wiil  in  nearly  ail  cases  also  oe  a 
boundary  of  optical  and  paniculate  matter  propenies.  Differ¬ 
ent  water  masses  are  influenced  by  different  sources  of  in¬ 
organic  materials.  Most  imponantly.  since  the  hvdrographic 
and  chemical  properties  of  two  water  masses  must  be  differ¬ 
ent.  their  oceanic  climates  must  be  different  as  well.  As  a  re¬ 
sult.  the  flora  and  fauna  m  each  water  mass  should  aiso  be  dif¬ 
ferent. 


Fig.  J  Panicle  size  histograms  for  samples  taken  from  I-  and  :-m  depths  at  varying  distances  from  more  at  aj’ijO'N 
latitude  from  1000  PDT  on  August  20.  1474  ;o  0830  PDT  on  August  21.  1 4*4 


Fig.  6a 

Fig.  6.  Horizontal  distributions  of  7T’0.  j„  ind  nitrate  i/ig  I"1)  >n  .be  sea  surface. 

A  small  change  in  the  dissolved  chemicals  (nutrients)  can  front  ts  marked  by  optical  and  particle  properties  that  differ 
have  a  large  effect  on  the  biological  nature  of  a  water  mass,  from  the  two  adjacent  water  masses. 

Small  chemical  or  hydrographic  differences  can  thus  lead  to  Interestingly,  none  of  the  data  presented  here  shows  any  di- 
large  differences  in  optical  and  paniculate  matter  properties,  reel  effect  of  settling.  Figure  lc  shows  a  panicle  and  scattering 
In  such  a  case,  optical  propenies  would  be  extremely  useful  maximum  near  the  bottom,  but  this  maximum  does  not  m- 
for  the  study  of  fronts.  crease  to  the  nonh.  Funhermore.  panicle  size  data  show  that 

The  frontal  zone  itself  can  provide  a  unique  biological  envi-  the  average  size  of  the  panicles  in  this  near-bottom  maximum 
roument-  In  a  boundary  zone  between  a  nutnent  rich  cold  and  is  smaller  than  in  the  surface  panicle  maximum.  Their  index 
a  nutnent  poor  warm  water  mass,  the  water  may  still  be  warm  of  refraction,  however,  is  larger.  This  seems  to  indicate  that 
enough  and  also  contain  enough  autrients  for  a  plankton  spe-  smaller  but  optically  more  dense  i  and  hence  probably  also 
cies  from  the  warm  water  mass  to  bloom.  In  such  a  case  the  possessing  a  higher  specihc  gravity)  panicles  settle  out  almost 


Fig.  66 
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Fig.  6c 


immediately.  The  optically  less  dense,  but  larger  panicles  stay 
at  the  surface.  In  the  tune  required  to  carry  the  panicles  some 
90  km  to  the  north  (on  the  order  of  several  days)  ao  signifi¬ 
cant  settling  from  the  surface  layer  can  be  detected,  nor  do 
any  blooms  occur.  The  distnbution  of  optical  properties  at  the 
Columbia  River  front  is  thus  governed  by  northward  advec- 
tion.  The  zonal  gradients  of  light  scattering  and  particle  con¬ 
centration  at  the  western  edge  of  the  plume  become  smaller 
due  to  diffusion  as  the  materials  in  the  plume  are  transported 
to  the  north.  At  25-ra  depth  the  optical  gradients  at  the  front 
are  larger  than  the  hydrographic  ones  as  much  of  the  particu¬ 
late  load  of  the  river  flows  out  near  the  bottom,  whereas  the 
less  dense  river  water  stays  near  the  surface.  As  mentioned  be¬ 
fore  these  particles  may  also  be  related  to  a  bottom  nephelotd 
layer.  The  contribution  of  bottom  erosion  to  the  plume  is 


small  as  the  offshore  boundary  of  the  particle  rich  water  ls 
well  defined  and  the  outer  boundary  of  the  bottom  nepheioid 
layer  is  usually  not  sharply  defined  [Pak  and  Zaneveid.  i9'7'’]. 

The  zonal  gradients  at  the  optical  front  are  determined  by 
lateral  mixing  as  the  current  carries  the  nveirne  particles 
northward.  Biological  events  and  settling  do  not  appear  to 
have  much  influence  except  in  the  vicinity  of  the  aver  mouth. 

It  is  of  interest  to  speculate  whether  the  observed  distribu¬ 
tions  in  the  coastal  upwellmg  regime  tend  to  support  the 
single-  or  two-celled  zonal  circulation  models.  In  the  absence 
of  meridional  variations  the  observations  do  not  support  the 
single-cell  modei  as  there  would  be  no  source  for  the  clear  sur¬ 
face  water  offshore  of  the  front.  The  double-cell  modei  might 
apply  if  the  clear  surface  water  offshore  of  the  front  consti¬ 
tutes  a  cell.  It  is  much  more  likely  that  the  observed  distribu- 
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Fig.  Tj 

Fig.  7.  Horizontal  distribution  of  total  volume  concentration  of  suspended  particles,  volume  scattering  function  at  u>s 
#(45°).  and  A.  one  of  the  parameters  in  the  exponential  particle  size  distribution  .Ve'".  in  the  sea  surface. 


lions  are  not  the  result  of  the  one-  or  two-cell  circulation  mod¬ 
els  but  of  the  circulation  dunng  and  after  an  upweiling  event 
[Hal pern.  1976). 

Dunng  an  upweiling  event  rapid  near-surface  offshore  flow 
is  present  while  nutnents  are  brought  to  the  surface.  This  re¬ 
sults  in  high  productivity  with  the  maximum  concomitant 
with  the  equator  surface  jet  i  L.  Small  personal  communica¬ 
tion).  During  relaxation  of  the  upweiling  event  the  biomass 
maximum  moves  inshore.  Since  our  observations  were  made 
dunng  weak  winds  following  strong  nonhwest  winds,  it  is 
likely  that  the  observations  represent  the  dtsinbuuon  of  par¬ 
ticulate  matter  and  optics  during  relaxation  of  an  upweiling 
event.  Our  observations  wouid  tlen  support  Hatoem' s  [t976j 


_a_ 


interpretation  of  an  upweiling  event  ind  subsequent  relaxa¬ 
tion  and  the  associated  biological  processes  as  described  by 
l.  Small  (personal  communication).  The  optical  front  is  thus 
the  outer  boundary  of  the  shoreward  transponed  biomass  pro¬ 
duced  earlier  during  an  upweiling  event. 

The  tongue  of  turbid  water  at  the  thermocltne  offshore  of 
the  front  (depth  :s  about  10  m  from  5  to  15  km  offshore,  see 
Figure  3)  is  of  considerable  interest,  as  the  data  contradict  ear¬ 
lier  interpretations  of  such  features.  One  usually  assumes  that 
such  a  tongue  of  turbid  water  uidtcates  advection  of  the  turbid 
water  along  an  isopycnal  or  settling  of  panicles  from  the  sur¬ 
face  layer  and  subsequent  trapping  at  the  maximum  aensttv 
gradient.  The  optics  and  temperature  data  would  tend  to  sup- 
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Fig.  7c 


pon  that  contention.  The  panicle  size  distribution  data  (Fig¬ 
ure  5)  shows,  however,  that  the  panicle  maximum  in  the 
thennocline  offshore  is  different  from  that  inshore  of  the 
front.  This  does  not  imply  that  advection  at  the  depth  of  the 
thermocline  is  nonexistent.  Since  the  nature  of  the  panicles  is 
different  at  either  side  of  the  front  simple  advectioa  cannot  ex¬ 
plain  the  maximum.  It  is  possible  that  advection  exists  but 
that  the  phytoplankton  are  consumed  by  zooplankton  at  the 
same  rate  as  the  advection.  In  a  sense  the  thermocline  is  a  ver¬ 
tical  front,  separating  cold  nutrient  rich  water  and  warm  nu¬ 
trient  poor  water.  Such  a  situation  can  give  rise  to  an  optical 
'amplification'  of  the  boundary,  by  means  of  phytoplankton 
growth.  In  this  case,  as  the  boundary  is  horizontal  sufficient 
sunlight  must  penetrate  also.  The  maximum  is  probably  not 
the  result  of  settling  of  particles  into  a  density  gradient,  as  the 
westward  current  is  strong  enough  to  transport  the  particles 
out  of  the  region  before  the  nearly  neutrally  buoyant  phyto¬ 
plankton  can  settle  to  the  thermocline. 

The  strong  vertical  density  gradient  is  a  region  of  large  sta¬ 
bility  and  hence  minimal  vertical  mixing.  The  particles  gener¬ 
ated  in  that  region  by  a  biological  process  will  not  rapidly  dis¬ 
perse  by  vertical  mixing,  so  that  the  weak  mixing  of  the 
thermocline  does  contribute  to  the  vertical  particle  maximum. 

The  particle  maximum  at  about  10-m  depth  (the  top  of  the 
thermocline)  is  due  to  growth  of  phytoplankton  in  the  upper 
thennocline  region  where  sufficient  daylight  penetrates  and 
where  sufficient  autnents  are  available  via  upward  diffusion. 
The  population  can  maintain  itself  as  vertical  mixing  is  a  min¬ 
imum.  Halptm  [  19*76)  shows  that  the  rapid  offshore  flow  dur¬ 
ing  an  upwelling  event  occurs  down  to  about  15  m.  The  off¬ 
shore  extent  of  the  panicle  maximum  at  the  thermocline  is 
thus  only  weakly  influenced  by  the  upwelling  event  in  con¬ 
trast  with  the  inshore  surface  maximum. 

A  feature  similar  to  the  thennocline  panicle  maximum  can 
be  observed  in  the  equatonai  front.  Since  the  front  is  several 
tens  of  kilometers  wide  in  this  case,  the  residence  tune  is  long 
enough  to  permit  panicle  concentrations  in  the  front  of  two  to 
three  times  those  outside  of  the  frontal  zone.  The  panicles  in 


the  front  tend  to  be  larger  than  those  outside  (Figure  "c).  It  is 
likely  that  the  panicle  volume  maximum  near  the  Galapagos 
Islands  is  related  to  temgenous  panicles  introduced  by  cur¬ 
rent  interaction  with  the  islands  ( for  a  discussion  of  the  inter¬ 
action  of  the  current  structure  of  the  Galapagos  Islands,  see 
Pak  and  Zaneveid  ( 1973]). 

It  can  be  concluded  that  the  optical  and  paniculate  matter 
distributions  at  ocean  fronts  are  the  result  of  three  major  proc¬ 
esses:  ( 1 )  advection  of  inorganic  matter,  temgenous  in  ongin 
to  the  front;  (2)  advection  of  biological  matenals  i  plankton 
and  detritus)  to  the  front:  and  (3)  generation  of  paniculate 
matter  by  biological  processes  in  the  front  itself. 
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Optical  properties  of  turbidity  standards 

J.  Ronald  V.  Zaneveid,  Richard  W.  Spinrad.  Roden  8art2 
School  o»  Oceanography,  Oregon  State  University 
Corvallis,  Oregon  97331 

Abstract 

Measu remen ts  of  light  scattering  ana  light  attenuation  were  made  'or  suspensions  or" 
formazin  and  diatomaceous  earth,  light  scattering  was  measured  for  lignt  of  wavelength 
532.3  nm  at  angles  from  3.1’  to  1.0’  and  for  light  of  wavelengtns  A30,  500,  550,  600,  550, 
and  700  nm  at  45°.  light  attenuation  was  measured  aver  a  25  cm  oathlength  for  light  of 
560  nm.  These  measurements  were  made  for  suspensions  wnicn  varied  from  0  to  40  Jackson 
Turoidity  Units  of  formazin  and  0  to  40  mg/1  of  diatomaceous  earth.  The  results  indicate 
the  necessity  far  multiole  optica!  measurements  for  determinations  of  turbidity  of  water. 
In  addition  the  taoles  and  curves  presented  may  be  used  in  the  calibration  of  light  scat¬ 
tering  meters  and  transmi ssometers  which  are  used  for  turoidity  studies. 

Introduction 


impnasis  on  the  monitoring  of  environmental  oarameters  nad  led  to  the  need  for  a  better 
method  of  quantifying  the  turbidity  of  water.  Certain  standards  nave  been  used  in  the  oast 
as  indicators  of  turbidity.  Spec i f i ca 1 1 y  ,  formazin  and  diatomaceous  earth  are  the  most 
common  substances  used  for  turbidity  ca 1 i bra t i ons 1  <z  These  substances  are  useo  because  of 
the  availability,  ease  of  preparation  and  reproducibility  of  calibration  results.  In  the 
research  described  herein  transmission  measurements  were  made  with  lignt  of  wavelength  560 
nm  in  various  concentrations  of  forma zin  in  water  and  diatomaceous  earth  in  water.  in 
addition,  volume  scattering  functions  were  measured  at  near-forward  angles  and  at  45’  *or 
both  substances  in  various  concentrations .  The  scattering  measurements  were  made  with  light 
of  wavelength  532.3  nm  for  the  n»r-forward  measurements  and  550  nm  for  the  45’  measure¬ 
ments.  In  addition  measurements  were  made  of  the  volume  scattering  -'unction  at  45’  -'or 
wavelengths  of  400,  450,  500,  500,  550,  and  700  nm  for  both  substances.  Particle  size 
analyses  were  made  using  a  Coulter  Counter. 

The  optica!  properties  described  above  are  innerent  properties  wnicn  do  not  change  with 
changes  in  the  radiance  distribution!,  'within  a  water  samole  lignt  may  oe  attenuated  oy 
absorption  and/or  scattering.  The  attenuation  coefficient,  c,  therefore  reoresents  tne 
ratio  of  the  radiant  flux  lost  from  a  Oeam  of  infinitesimal  width  to  tne  incident  flux  ano 
divided  oy  the.  thickness  of  the  layer  of  the  medium  througn  wnicn  the  Oeam  is  passing. 

Also, 


c  *  a  r  b 

where  a  is  tne  absorption  coefficient  and  b  is  the  scattering  coefficient,  eac.n  defined 
similarly  to  :  but  reoresenting  only  absorption  or  scattering,  -esoectively.  'he  units  of 
a,  b  and  c  are  m*’.  The  fraction  of  light  transmitted  througn  a  oathlength  '  (in  meters, 
is  related  to  :  as  follows: 


.-cr 


The  volume  scattering  function,  3(e),  is  defined  as  the  radiant  intensity  (watts/ 
steradians)  from  a  volume  element  (iw)  in  a  given  direction,  (a)  oer  unit  of  irraoiance 
(watts/m^)  and  per  unit  volume: 


3  <  a ) 


mi i 

c  dv 


where  I  ( a )  *  'adiant  intensity  scattered  at  angle 
c  »  irradiance 
v  *  vo 1 ume 

in  addition,  Austin^  has  shown  that 

o 

id)  ■  r-  n 
0 


"•lative  to  the  main  oeam 
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wnere  P0  is  the  power  of  light  incident  on  the  samole  volume,  Pi  ’ s  tne  power 
leaving  cue  volume  at  angle  3  erom  the  main  oeam ;  i  is  the  lengtn  of  tne  volume  along  one 
direction  of  propagation  of  unscattered  liqht;  and  .1  is  tne  solid  angle  into  union  tne  'ignt 
is  scattered. 

the  volume  scattering  function,  3(3),  and  the  scattering  coefficient,  0,  are  related  as 
f 0 1 1 ows : 

TT 

b  *  2 it  /  3(3)  sindde 

0 

Measurements  of  T,  c,  b  for  forward  angle  scattering,  and  3(45’)  were  made  in  the  re- 
research  described  herein. 

The  measurements  of  transmission  and  scattering  were  made  in  order  to  quantify  the  opti¬ 
cal  properties  of  turbidity  standards.  The  need  for  such  a  quantification  was  empnasizeo  oy 
Austin4  and  Freeman5.  3y  accurately  determining  the  optical  properties  of  turbidity  stan¬ 
dards  i nterca 1 i bra ti on  of  optical  equipment  can  be  simplified  and  standardized.  The  results 
of  this  work  suoply  an  easily  reproducible  calibration  procedure  '"or  light  transmission  and 
light  scattering  measuremen ts .  After  calibrating  a  transmi ssometer  or  a  ’ignt  scattering 
meter  using  a  formazin  or  piatomaceous  earth  suspension  as  was  done  in  this  research  a  water 
sample  may  be  tested  for  transmission  or  light  scattering.  The  results  can  then  oe  compared 
to  a  concentration  of  formazin  or  diatomaceous  earth  mat  gives  the  same  transmission  or 
light  scattering  value.  f  n  this  way  all  water  samples  could  be  compared  to  universal  stan- 
dards  of  transmission  and  scattering.  No  single  measurement  is  sufficient  to  identify  any 
water  mass.  Oibbs7  and  Austin-1  stress  the  importance  of  using  many  types  of  optical  mea¬ 
surements  to  identify  a  water  mass.  Rater  masses  containing  different  types  of  particles 
may  have  nearly  identical  transmission  properties3.  For  this  reason,  various  scattering 
and  transmission  measurements  were  made  on  tne  turbidity  standards  used  in  this  work. 

experimental  Procedure 


The  measurements  of  lignt  transmission  were  made  with  a  25  cm  pathlength  oeam  t-ans- 
missometer  as  described  by  3artz,  at  al.».  It  ooerates  at  a  wavelength  of  550  nm  Conse¬ 
quently,  effects  of  yellow  matter  (or  dissolved  humic  acids  and  oy-produces  of  oiolooical 
activity)  in  the  water  will  not  be  seen  in  the  data  obtained  since  the  attenuation  of  560  nm 
light  by  yellow  matter  is  negligible3.  The  attenuation  detected  by  tne  beam  transmisso- 
meter  is  due  only  to  absorption  ana  scattering  of  light  by  oarticles  in  the  water  and  the 
water  itself.  The  use  of  a  1/A  m  pathlength  permits  measurements  of  transmission  of  light 
in  samples  having  very  high  attenuation  coefficients.  Cone en tra t i ons  of  -‘ormazin  were  mixed 
using  the  method  as  described  in  Standard  Methods  for  the  examination  of  water  and  Waste¬ 
water1  .  The  concen  trati  ons  used  "‘or  the  transmission  and  do1  scattering  measurements  we  -e 
TI  0.25  ,  0.5,  0.75,  1.0,  1.5,  2,  3,  5,  '2,  2A,  and  40  Jackson  Turoidity  Jnits  ,  JTU 1  . 

A  concen  tra  t  i  on  of  aqo  JTU  was  obtained  by  mixing  5  mi  of  a  1  *,  (by  weight)  hydrazine  sul¬ 
fate  solution  with  5  ml  of  a  10%  (by  weight)  solution  of  nexame tny 1 ene te t ram i ne  ana  90  ml 
distilled  water.  Different  concentrations  (i.e.,  JTU's)  were  obtained  by  diluting  tne  -GO 
samole  with  distilled  water.  The  diatomaceous  earth  was  mixed  to  obtain  idenfcal  con¬ 
centrations  based  on  the  fact  that  Jackson  Turoiaity  Units  are  equivalent  to  parts  oer 
million  silica  (diatomaceous  earth)2.  Replicate  measurements  of  attenuation  and  scattering 
were  made  for  each  concentration  of  each  substance.  To  test  the  reproduc i b i 1 i ty  of  the 
results  two  separate  batches  of  both  the  formazin  and  diatomaceous  earth  suspensions  were 
used  for  the  experiment. 

Measurements  of  light  scattering  were  taken  at  the  same  time  as  the  transmission  deter¬ 
minations.  Light  scattered  at  4Sa  was  measured  using  a  3ri ce-Phoen i x  lignt  scattering 
photometer9.  Measurements  were  made  for  light  of  wavelength  550  nm  for  each  concen t r a :  1  on 
of  formazin  and  diatomaceous  earth.  in  addition,  light  scattering  measurements  were  maae  at 
400,  450,  500,  550,  500,  550,  and  700  nm  for  an  arbitrary  concen  tra  t  i  on  ar'  each  0*'  the  two 
substances.  This  was  done  to  determine  the  qualitative  variation  of  tne  volume  scattering 
function  with  wavelength  for  tne  formazin  and  diatomaceous  earth. 

Using  the  narrow  angle  scattering  meter  and  method  as  described  by  Soinrad,  et  ai. 
measurements  of  the  volume  scattering  function  at  angles  between  0 .  l  ’  a.no  1.0"  »e's  made 
a  number  of  concentrations  of  the  formazin  and  diatomaceous  earth  suspensions.  Soec1-'- 
cal ly,  near-forward  angle  volume  scattering  functions  were  determined  for  *orma:-n  concen¬ 
trations  of  0.5,  1,  2,  3,  5  and  12  JTU  and  for  diatomaceous  eartn  concentrations  cor-es- 
oonding  to  0.5,  1,  2,  3  and  12  JTU.  These  concentrations  were  used  since  they  provided  :ne 
oest  signal -to-noi se  ratio  (n  the  output  of  tne  narrow  angle  scattering  meter  .owe--  concen¬ 
trations  produce  very  little  scattered  light  and  nigner  concen tra t i ons  -educe  tie  ma : -  ;eam 
-eference  light  to  an  extremely  low  value.  Measurements  0*  the  near- forward  volume  scat¬ 
tering  function  are  imoortant  for  correcting  errors  in  transmission  de termi na t 1 ons  wni-n 
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caused  by  forward  scattered  light. 


Results  and  Discussion 

"he  results  of  trie  transmission  experiment  are  snown  in  rao 
tne  formazin  and  the  diatomaceous  eartn.  The  transmission,  T, 
into  a  beam  attenuation  coefficient,  c,  as  follows: 

T  *  e'cr 

where  r  *  ootical  oathlength  (0.25  m  in  chis  case) 
c  *  attenuation  coefficient  (in  units  of  m ' 1  ! 
theref ore  c  »  -4  in  T  . 

TA8L£  I 


e  I  and  Fig.jr«  1  for  ootn 
as  measured,  is  converted 
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mission  data. 


The  Oeam  transml ssometer  has  an  acceotance  naif-angle  of  ’.35’  in  water.  *his  means 
that  iny  light  that  is  scattered  within  1.35’  of  the  main  beam  will  oe  detected  oy  the 
mstrument  and  will  Oe  deemed  to  Oe  jnattenuated  light.  ~o  correct  *'or  this  narrow  angle 
scattering  results  are  used  as  follows: 

The  total  scattered  light  within  an  angle,  j,  from  tne  mam  oeam  is  given  oy 
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bf  *  2*  i  iil)  5  i  n  3  d  3 

where  3(a)  is  the  volume  scattering  function  and  is  approximate''/  constant  in  tne 
near-forward  reg  i  on  1 : . 

Theref ore , 

b  f  *  2*3(3)  /  sinada 

o 

*  2 T  3 ( 9  )  ! 1  -  COSa) 

The  transmission,  as  measured  will  include  this  scattered  light. 


So, 


r  *  e  -(.c  r  bf) 

measured 

and 

‘theoretical  *  e 

The  ref  ore , 

T  -  T  a*°f 

theoretical  measured’ 

exp  (  -C  tr )  »  exo(-c^r)  exo(-2ir3(3)  (i  -  COSa)) 

where  c»  and  c  are  the  theoretical  and  measured-  attenuation  coe f f  i  c  i  en t s ,  -esoec- 
tively.  "  11 

for  r  »  0.2S  m,  this  yields. 


c»  *  c  *  3*3(3)  (1  -  cosx) 

Z  iTl 


In  Table  I  cfl  is  listed  as  (c  -  cw)  and  c r  is  listed  as  (c  -  cw)  corrected  mr  'orwarj 
scatter.  The  results  as  shown  in  figure  1  demons  trate  the  obvious  differences  in  trans¬ 
mission  vs.  concentration  between  formazin  and  diatomaceous  earth.  Cor-ected  oeam  atten¬ 
uation  coefficient  values  are  consistently  higner  for  the  diatomaceous  earth.  "hat  is,  a 
concsn  tra  t  i  on  (in  terms  of  JTU's)  of  diatomaceous  eartn  will  transmit  less  iig.nt  man  tne 
same  concentration  of  formazin  since  tne  amount  of  forward  scattered  lignt  s  different  *'0' 
each.  The  slope  of  the  formazin  curve  cnanges  lass  than  the  slooe  of  the  :u rve  ?or  o  i  a  - 
tomaceous  earth  when  corrections  for  forward  scattering  are  made.  This  is  due  to  tne  '"act 
that  the  diatomaceous  earth  suspension  has  a  larger  mean  oarticie  size  than  the  formazin. 
Large  particles  scatter  much  more  light  at  near-forward  angles  than  do  smaller  particles. 
This  is  shown  by  the  mean  values  of  the  near-forward  angle  volume  scattering  functions  m 
Table  It.  .Mean  particle  diametersare  1.55  urn  for  the  formazin  and  3.75  for  the  d’a- 
tomacsous  eartn.  The  scattering  at  near-forward  angles  is  consistently  higher  'or  tne 
diatomaceous  earth  samples. 


JTU 


TABLc  II 

Mean  Near-Forward  Volume  Scattering  Function  ;m  sta*  ) 


or  Silica 

Oiatomaceous  larth 

r o  rma  z ' ■ 

0.5 

13.51 

5.067 

1  .0 

7  9.36 

1  0  .  47 

2.0 

122.9 

21.51 

3.0 

23  6.9 

54.  r 

5.0 

-  -  • 

115.1 

12.0 

533.5 

231.5 
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figure  2  snows  cn«  variation  of  scattering  at  45°  550  m>  wir.n  concentration  of  eacn  suspension.  "he 
scattering  values  of  jure  water  ;o  JTU  or  3  5  s^-ca,  nave  oeen  suotracted  to  ye!d  only  tne  particulate 
scattering,  Scattering  values  of  tne  -ormazin  are  always  nigner  tnan  tnose  of  diatomaceous  eartn  at  4=3 
whereas  tne  site  distribution  determined  tne  different  curves  of  near -forward  scattering  ;re  ■•elatire 
indices  of  refraction  'to  water.1  tould  :e  more  imoort3nt  ' n  determining  tne  di-feront  slooes  of  tne  volume 
scattering  functions  at  *5’.  c-om  figure  2  't  would  seem  that  tne  -naex  of  re'-action  of  tne  -omaz'n  -s 
nigner  tnan  tnat  of  tne  diatomaceous  eart.n.  Generally,  a  site  distribution  of  a  single  tiater'al  will  scat¬ 
ter  more  at  453  the  higher  its  index  of  narracfion  is;:':2  -or  near-forward  angle  scatter'ng  oartidle 
size  is  generally  more  imoortant  tnan  index  of  refraction  in  determining  tne  volume  scattering  -unction. 
Using  a  metnod  as  described  by  Woodward*3  it  is  -"ound  tnat  multiple  ’ignt  scattering  would  not  oe  exoer-- 
mentally  detectable  (af  least  10%  nigner  than  single  scattering  values)  until  tne  concentration  is  aoproxi- 
mately  40  JTU  or  AO  SS*'.  This  is  apparent  in  figure  2  as  tne  linearity  of  the  curves  disappears  at  some 
concentration  between  24  JTU  and  40  JTU. 

The  qualitative  variatibn  of  light  scattered  at  45*  with  wavelength  for  formatin  and  diatomaceous  eart.n 
is  shown  in  Table  III  and  figures  3  and  4.  Arbitrary  concentrations  (of  approximately  1.0  to  3.3  JTU!  of 
each  suspension  were  used  to  determine  tne  wavelength  deoendence  of  scattering  for  eacn  substance,  "he 
results  indicate  a  \*l  dependence  of  scattering  for  ooth  the  fomazin  and  the  diatomaceous  earth,  ""nis 
clearly  shows  that  neither  of  the  two  samples  is  colloidal  since  a  colloid  would  be  a  Rayleign  scatterer 
with  a  ■  "  scattering  dependence.  3oth  formazin  and  diatomaceous  earth  are  suspensions  in  wnicn  -he 
scattering  by  particles  larger  than  the  wavelength  predominates,  Morel nas  shown  tne  1*-  dependence  “or 
scattering  by  particle  suspensions. 


TA8L£  III 


V  nm 


Soectrai  Scattering  of  formazin 


3(45)  m"  '  ster 


-1 


400 

450 

500 
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500 
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0. 3637C 
0.04365 
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nm 


Spectral  Scattering  of  Oiatomaceous  tart.i 

- 1  - 1 
3(45)  m  ster 


400 

450 

500 

550 

500 

550 

700 


0.23602 
0.1 5033 
0.12755 
'3  .  1  1  ’  60 
0. 09653 
0.07542 
0.05649 


Conclusions 

The  use  of  JTU's  as  indicators  of  turbidity  has  been  questioned2'1*’3’1*.  Callaway,  et  al.3  nave  demon¬ 
strated  that  water  samples  having  identical  particle  concentraticns  may  display  very  different  light  atten¬ 
uation  coefficients.  This  has  been  demonstrated  here  for  two  commonly  used  turbidity  references.  Obviously 
the  use  of  the  Jackson  Turbidity  Unit  is  inadequate  to  define  the  ooticai  prooerties  of  a  particular  water 
mass.  The  JTU  can,  however,  be  accurately  used  as  an  indicator  of  a  particle  concentration. 

The  tables  and  curves  presented  in  this  paper  supply  information  that  allows  the  calibration  of  beam 
transmissometers  (at  560  nm)  and  light  scattering  onocometers  (at  550  nm)  using  common,  well-testeo  tur¬ 
bidity  standards.  The  characteristics  of  the  particular  instruments  (sucn  as  acceotance  angles)  must  be 
known  to  maxe  use  of  the  information  contained  herein. 

It  is  important  to  emphasize  that  the  results  ootamed  here  show  very  clearly  that  no  single  oot-cal 
measurement  is  sufficient  to  define  a  water  mass.  Measurements  of  transmission  aione  or  scattering  aione 
do  not  define  turoidicy.  The  single  concept  of  turbidity  is  best  replaced  by  a  matrix  of  parameters 
including  transmission  and  scattering  (both  near-forward  and  at  large  angles). 
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Figure  Captions 

Fig.  1.  Beam  attenuation  coefficient,  c,  versus  particle  concentration  (in  JTU  -‘or  tne  ‘ormazin  and  33. 

for  the  diatomaceous  earth).  Plots  are  -'or  formazin  corrected  for  ‘onward  scattered  light  " 

( . ),  diatomaceous  earth  corrected  for  forward  scattered  light  (  *ormaz<n  uncorrected 

( - )  and  diatomaceous  earth  uncorrected  ( - ). 


fig.  2 
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Abstract — Comparison  of  races  of  accumulation  of  organic  carbon  in  surface  marine  seuiments  from 
•the  central  North  Pacific,  the  continental  margins  oiT  northwest  Africa,  northwest  ana  ioutnwest 
America,  the  Argentine  Basin,  and  the  western  3ainc  Sea  with  primary  proauction  rates  suggests 
chat  the  fraction  of  primary  produced  organic  carbon  preserved  in  cne  sediments  :s  universally 
related  to  the  bulk  sedimentation  rate.  Accordingly,  iess  than  0.01*;  of  the  primary  production 
becomes  fossilized  in  slowly  accumulating  pelagic  sediments  [i  2  to  6  mm  1 1000  y  r  ’  ]  of  the  Central 
Paatic.  0.1  to  23;  in  moderately  rapidly  accumulating  [2  to  12  cm  ilOOO  yi*‘]  hemioeiagic 
sediments  otT  northwest  Africa,  northwest  America  (Oregon)  and  southeast  America  i  Argentina i. 
and  11  to  133;  in  rapidly  accumulating  [66  to  l  JO  cm  1 1000  yl*1]  hemioeiagic  sediments  orT 
southwest  America  iPerui  and  in  the  Baltic  Sea. 

The  empirical  expression : 


%  Or f-C 


0.0030  R  S*>0 


implies  thai  the  sedimentary  organic  carbon  content  i%  Org-Cl  doubles  with  each  10-foio  increase 
in  sedimentation  rate  IS).  assuming  that  other  factors  remain  constant:  t.e..  primary  production  if?), 
porosity  id))  and  sediment  density  ipj.  This  expression  aiso  predicts  the  sedimentary  organic  carbon 
content  from  the  primary  production  rate,  sedimentation  rate,  dry  density  of  solids,  ind  ’heir 
porosity:  it  may  be  used  to  estimate  paieoproductivity  as  well.  Applying  his  relationship  :o  a 
sediment  core  from  the  continental  nse  otT  northwest  Africa  'Spanish  Sahara i  suggests  that 
productivity  there  during  interglacial  oxygen  isotope  stages  1  and  5  was  about  the  same  as  toaav 
Out  was  higher  by  a  factor  of  2  to  3  dunng  glacial  stages  2.  3.  and  6. 


INTRODUCTION 

It  isa  characteristic  feature  of  many  hemioeiagic  sediments,  accumulating  fast  enough  to 
resolve  the  last  glacial  and  interglacial  periods,  that  glacial  sections  contain  considerably 
more  organic  matter  than  interglacial  sections.  Such  a  distribution  has  been  described  for 
sediments  from  the  northwest  African  continental  margin  (Muller.  1975a.  b:  Hartmann. 
Muller.  Suess  and  van  der  Weuden.  1976).  the  Argentine  Basin  (Stevenson  and  Cheng. 
1977)  and  apparently  is  true  also  for  South  Indian  continental  slope  sediments  iMarchig. 
1972),  as  shown  by  Hartmann  et  al.  (1976). 

As  an  example.  Fig.  1(a)  shows  organic  carbon  fluctuations  in  a  sediment  core  from  the 
northwest  African  continental  margin  at  a  water  aepth  of  15 75  m.  The  oxygen  isotope 
stratigraphy  i  Fig.  Id)  for  the  core  is  that  determined  by  Shackleton  i19~7)  isee  also 
Thiede.  197T;  Suess.  Thieoe  and  Muller.  I973).  Accordingly  it  penetrates  the  past 
I40.000*year  record  and  shows  low  organic  matter  contents  in  sediments  deposited  during 
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Organic  Carson  Total  Nitrogen  Organic  Carson  CF3) 

3  i  Z  '1.2  3.1  02  3  2a  5 


Fig.  [.  Organic  carbon  and  total  nitrogen  distribution  in  core  12392-1  irom  the  continental  nse  oiT 
Spanish  Sanara.  alter  Suess  tt  at..  1978  (for  station  data  see  Table  1 1:  oxygen  isotope  strangrapnv 
from  Shacxleton  1 1977; ;  CFB  m  Carbonate  free  basis. 


interglacial  stages  1  and  5  but  higher  concentrations  iby  factors  of  3  to  7)  in  sediments 
deposited  during  glacial  stages  2.  3  and  6. 

The  variations  of  major  constituents  m  this  core,  t.e.,  calcium  carbonate  and  to  a  lesser 
extent  quartz  iSuess  et  at..  1978),  which  act  as  dilutents  of  organic  matter,  are  not  large 
enough  to  account  for  the  cyclic  organic  matter  distribution.  Therefore,  the  relative  organic 
carbon  fluctuations  remain  the  same  when  calculated  on  a  carbonate-free  basis  i Fig.  lei. 
Similarly,  variations  in  grain  size  composition  (Chamley.  Diester-Haass  and  Lange.  197"1 
are  smaller  than  the  organic  matter  fluctuations,  thus  excluding  a  textural  control.  There  ts 
also  no  evidence  tnai  a  significant  fraction  of  the  organic  matter  in  the  core  is  of  non-marine 
origin  iDebyser,  Pelet  and  Dastillung.  1977)  so  that  qutte  iikelv  the  cyclic  organic  matter 
distribution  reflects  changing  primary  production  rates  during  glacial  and  interglacial  times 
(with  the  exception  of  the  relatively  cold  and  brief  oxygen  isotope  stage  4  where  no  increase 
in  organic  carbon  contents  was  noted). 

It  is  a  general  feature  of  such  cores  with  cyclic  organic  matter  distributions  that  organic 
rich  sections  coincide  with  increased  bulk  sedimentation  rates  (Stevenson  and  Cheng. 
1972;  Hartmann  et  at.,  1976):  rapid  sedimentation  enhances  the  preservation  of  organic 
matter.  Toth  and  Lerman  (1977)  and  Berner  (1978)  showed  that  the  first-order  reaction 
rate  constants  for  reduction  of  interstitial  sulfate  and  production  of  interstitial  ammonia 
and  phosphate  are  proportional  to  the  second  power  of  the  sedimentation  rate,  suggesting 
that  increasing  sedimentation  rates  favor  the  preservation  of  labile  organic  substances. 
Heath,  Moore  and  Dauphin  i  1977)  found  that  the  organic  carbon  accumulation  rates  in 
marine  sediments  are  proportional  to  the  1 ,4th  power  of  the  bulk  sediment  accumulation 
rate  points  to  the  same  phenomenon. 

Hence  the  question  is  raised  as  to  whetner  the  higher  organic  matter  contents  in  giacial 
sections  of  core  12392  (Fig.  la.  b)  and  similar  cores  are  due  to  better  preservation  or  higher 
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input  of  organic  matter  fcf.  Hartmann  ec  al..  19~6).  The  purpose  of  the  present  study  is  to 
find  a  quantitative  relationship  between  primary  production  rates  as  reflected  by  organic 
matter  input  to  sediments,  sedimentation  rates,  and  sedimentary  organic  carbon  contents 
as  an  answer  to  the  above  question. 


data  sources 

This  study  is  based  on  26  analyses  of  surface  sediments  from  Pacific  Ocean.  Atlantic 
Ocean,  and  Baltic  Sea  regions  covering  a  wide  range  of  sedimentary  organic  carbon 
contents,  sedimentation  rates,  and  primary  production  rates  of  the  surface  waters.  The 
regions  selected  are  thought  to  meet  a  basic  requirement  in  that  the  major  fraction  of 
accumulating  organic  matter  is  of  marine  origin  and  thus  reflects  primary  productivity  The 
regions  are  the  Central  Pacific  Ocean  southeast  of  Hawaii,  the  continental  slopes  oil 
northwest  Africa  (Spanish  Sahara),  northwest  America  (Oregon),  southwest  America 
i  Peru),  the  Argentine  Basin,  and  the  Eckernforder  Bay  of  the  western  Baltic  Sea  i  Fig.  2). 


Fig.  Z.  Principal  areas  of  investigation  i  for  station  data  see  Tidie  1). 

Geographic  positions  and  water  depths  of  all  core  locations  are  listed  in  Table  1.  Organic 
carbon  contents,  sedimentation  rates,  and  primary  production  rates  were  selected  from  the 
publications  listed  in  Table  2  after  careful  scrutiny  of  the  various  methods  used  :n 
generating  the  data. 

Assumptions  were  made  with  respect  to  the  dry  density  of  solids  and  porosity  of  the 
sediments  because  in  most  cases  only  water  contents  were  available  as  direct 
measurements.  The  mean  dry  density  of  1 A  Holocene  sediment  samples  off  northwest  Africa 
is  2.21  g  cm"3  with  a  standard  deviation  of  0.04  latter  Kogier.  University  of  Kiel, 
unpublished  data).  This  value  was  used  in  calculations  for  all  northwest  African  sediments. 
A  slightly  lower  value  (2.6  g  cm"3)  was  assumed  for  the  carbonate-poor  Argentine  Basin 
and  Baltic  Sea  sediments.  Porosities  of  the  above  sediments  were  then  calculated  using  :ne 
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Table  1  Geographic  positions  ana  water  atoms  of  surface  sediments  ana  core  12392-1  used  at  :nts  studs- ■  Central 
Pacific  station  numbers  correspond  to  original  srstpooard  destinations  H  05-4-404.  140S-J- 193.  1-108-1-13. 
H 08-1-19.  >408- 1-36.  V408-1-41  ana  1408-1-58  as  usea  in  :ne  reference  cited 

Region 

Station 

Latitude 

Longitude 

Water 
depth  imi 

Reference 

Northwest  Africa 

1 2392- 1 

25*1074 

16'51'W 

2575 

Seibolo.  1972 

12310-3 

23 ’3074 

18‘43'W 

3076 

12327-4 

23=0874 

17*44'W 

2037 

|t 

12328-4 

2r09-N 

1 8*  34'W 

2798 

12329-4 

19“56'W 

3315 

123  36-1 

16’ 1474 

20*26'W 

3645 

123  37-4 

15°58'N 

is*orw 

3085 

12347-1 

15'50-N 

17’51'W 

2710 

.«• 

12345-4 

15’29'N 

17'22'W 

966 

12344-3 

15’26'N 

!7*21"W 

711 

„ 

13209-2 

12’29'N 

20'03'W 

4713 

Seibolo  and  Kinz.  1976 

Argentine  Basin 

V-15-141 

45’44'S 

50‘45'W 

5934 

Stevenson  and  Cheng.  1ST 

V- 15- 142 

44=  54'S 

5r32"W 

5885 

West  Baltic 

13947 

34°32'N 

10=04'E 

:s 

Whiticar.  197$ 

13939 

54=3274 

10°04'E 

23 

12397 

54’31'N 

10=02'E 

23 

Central  North 

10127-2 

13’42'N 

isi*39-w 

5686 

Schultze-Westrcvi.  1973: 

Pacific 

10132-1 

5*1374 

148-57'W 

5004 

9E1ERSOORE  et  al..  1974 

1014O-1 

9=15'N 

148*4S'W 

5144 

10141-1 

9*07‘N 

148*47'W 

5189 

10145-1 

A-OO-N 

144=49‘W 

4599 

10147-1 

3*50'N 

us’orw 

4619 

10175-1 

9*1974 

1 46=01  W 

5164 

Peru  Margin 

"06-39 

11*15S 

r*srw 

186 

This  studv 

7706-36 

13C37'S 

76’Ji'W 

57 0 

Oregon  Margin 

7610-8 

44*36'N 

1 26=20  W 

2060 

•• 

expression  b-  Berner  (1971): 


0) 


W> 


Wp,  -Ml  -  W)p„ 


II) 


where  W  =  %  H;0  (wet  wti/100;  p,  «  dry  density  of  solid  sediment  material  (g  cm"3); 
pw  =  density  of  interstitial  water,  taken  to  be  1.025  gem"3 

Porosities  listed  in  brackets  in  Table  3  were  estimated  by  comparison  with  sediments 
from  the  same  region  and  similar  lithologies  because  water  contents  for  these  sampies  were 
not  available. 

The  dry  density  and  porosity  values  for  the  Central  Pacific  sediments  were  taken  from 
Hartmann.  KOcler  and  Mcli.hr  (1978),  and  those  for  Peru  and  Oregon  margin  sediments 
were  calculated  from  wet  bulk  densities  and  water  contents  determined  by  Keller  (Oregon 
State  University)  and  kindlv  made  available  for  this  study.  The  very  low  dry  densities  of  the 
Peru  margin  samples  are  due  to  their  extremely  high  organic  contents  (Table  3). 


organic  carbon  accumclation  rates 

The  organic  carbon  contents  of  the  sediments  ranged  from  0.2  to  0.4%  (dry  wt)  in  the 
Central  Pacific  to  up  to  21%  off  Peru  and  co-vary  to  some  extent  with  the  sedimentation 
rates  (Fig.  3A)  (see  also  Heath  et  al.,  1977).  Comparison  with  primary  production  rates 
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Fig.  i  Organic  carbon  contents  of  surface  sediments  versus  sedimentation  rates  <  A  i .  scattering is 
in  part  due  to  the  concomitant  increase  in  primary  production  rates  1B1.  The  solid  regression  line 
I Y  »  O.-Wf0  ,7.  i  »  26.  r  m  0.901  suggests  a  Mold  increase  of  organic  caroon  with  each  J-toid 
increase  of  the  sedimentation  rate  iset  text  for  restrictions i.  The  dasned  iine  represents  equation  .  - » 
taking  p,  ■  1.53  and  <o  ■  0.30  imean  values  from  Taole  ji. 


(Fig.  3B)  suggests  that  the  scatter  in  Fig.  3(A)  is  in  pan  due  to  the  different  productivities  in 
the  regions  studied,  but  “dilution'’  of  organic  matter  by  varying  amounts  of  calcium 
carbonate  and  quartz  may  be  equally  important. 

Organic  carbon  concentrations  were  transformed  to  organic  carbon  accumulation  rates 
using  equation  (2)  (see  also :  Murray.  Grundma.nis  ana  Smethie.  19~3)  to  compensate  for 
“dilution"'  effects  and  more  importantly  to  make  the  values  comparable  to  pnmary 
production  rates: 

CA 

where  C4  =  organic  carbon  accumulation  rate  lgCm':y*l):C  *  organic  carbon  content 
i°;  dry  wt);  S  =  sedimentation  rate  [cm(  1000  y)”‘] :  ?,  =  dry  sediment  density  ig  dry 
sediment  per  cmJ  dry  sediment):  and  ©  »  porosity  (volume  of  water  per  volume  of  bulk 
wet  sediment). 

Organic  carbon  accumulation  rates  are  listed  in  Table  3  and  plotted  against  the 
sedimentatton  rates  in  Fig.  4.  They  are  lowest  in  the  slowly  accumulating  pelagic  sediments 
of  the  Central  Pacific  and  about  four  orders  of  magnitude  higher  in  the  raptdly  deposited 
sediments  of  the  Baltic  Sea  and  the  upper  continental  slope  of  the  Peruvian  margin.  Off 
northwest  Africa  and  northwest  America  and  in  the  Argentine  Basin,  organic  carbon 
accumulation  rates  are  between  both  extremes.  The  two  Black  Sea  sediments  included  :n 
Fig.  4  larrowsl  were  not  considered  in  calculating  the  regression  line  and  will  be  discussed 
separately. 

The  regression  equation  obtained  from  the  log-  log  plot  in  Fig.  4  is 

C,  =  0.0246  S'  i:i-  i3) 

where  C4  and  S  are  the  organic  carbon  accumulation  rate  and  sedimentation  rate  as  denned 
above. 
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Fie.  4.  Organic  carbon  accumulation  rates  ( Y\ as  a  function  of  sedimentation  rates  i.V'  inumber  of 
sambles:  n  »  26 ,  correlation  coefficient  r  »  0.9861.  Two  samples  from  me  3lace  Sea  are  shown  for 
comparison  larrowsi  but  are  not  included  in  regression  analysis  isee  texti. 


We  should  like  to  point  out  that  in  Fig.  4  C  t  and  S  are  partiaily  dependent  variables  [see 
equation  (21]  such  that  a  correlation  exists  a  prion  between  them.  However,  this  leads  oniy 
to  fortuitous  findings  if  the  C-org  contents  remain  constant.  This  is  not  the  case  in  our  aata 
set.  therefore  we  find  it  legitimate  to  use  this  functionality  to  derive  equations  t5)  and  i6i. 
The  exponent  of  the  sedimentation  rate  in  equation  (3)  is  in  good  agreement  with  the  value 
of  1 .4  calculated  by  Hevth  et  at.  1 19T7)  for  50  marine  sediments  1 10  were  the  same  as  in  this 
study)  using  g  cm  1 1000  y p 1  as  units  for  the  sedimentation  rate.  Accordingly  the  organic 
carbon  accumulation  race  in  marine  sediments  should  approximately  double  with  each  1.6- 
fold  increase  of  the  sedimentation  rate. 

Substituting  equation  (2)  for  the  organic  carbon  accumulation  rate  iC,|  in  equation  i3) 
and  solving  for  the  organic  carbon  content  (C)  we  obtain  equation  i4i  which  predicts  the 
sedimentary  organic  carbon  content  from  sedimentation  rate  i 5),  dry  density  (pj.  and 
porosity 

a, 

Equation  (4)  suggests  that  the  sedimentary  organic  carbon  concent  increases  by  a  factor  of 
2  with  each  4-fold  increase  of  the  sedimentation  rate  as  illustrated  in  Fig.  3.  However,  this  is 
obtained  from  a  relationship  not  considering  productivity  changes,  which  to  some  extent 
parallel  the  changes  of  sedimentation  rates  f  Fig.  3)  and  thus  probably  overestimates  the 
degree  of  preservation  by  increasing  sedimentation  rates.  To  compensate  for  this  effect 
organic  carbon  accumulation  rates  were  normalized  to  the  primary  production  rate.  i.e.. 


L 
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Fig.  5.  Organic  cartoon  accumulation  rates  normalized  to  primary  oroduction  rates  lexpressea  as 
as  a  function  of  sedimentation  rates  in  »  25 .  '  -0.992).  Two  samples  Tom  the  3lacic  5ca 
larrowsi  are  shown  for  comparison  only  and  are  not  included  m  the  regres.  n  analysis  isee  text). 


expressed  as0,  of  pnmary  production  (Table  3)  and  again  plotted  versus  the  sedimentation 
rates  (Fig.  5V  Tne  resulting  regression  equation  s: 

£*•  100  =  0.030  Sli0.  1 5 1 

where  CA,  R.  and  S  are  the  organic  carbon  accumulation  rate,  pnmary  production  rate,  ana 
sedimentauon  rate  [same  units  as  defined  for  equation  (2)]. 

Again  substituting  equation  f 2)  for  the  organic  carbon  accumulation  rate  in  equation  o  > 
and  solving  for  the  organic  carbon  content  we  obtain  equation  id),  which  also  is  grapnically 
displayed  in  Fig.  6 : 

„  0.0030  R  S0  30 

C  - - - — - - .  '61 

Equation  (6)  predicts  the  sedimentary  organic  carbon  content  iC)  from  the  annual 
average  pnmary  production  rate  (3?),  sedimentation  rate  (5),  dry  density  i ?,).  and  porosity 
id))  to  within  a  factor  of  2.  as  illustrated  in  Fig.  7.  Moreover,  it  shows  that  the  organic 
content  of  a  sediment  doubles  with  a  10-fold  increase  in  the  sedimentation  rate,  assuming 
other  factors  remain  constant.  We  feel  that  this  is  a  reasonable  estimate  of  the  etTect  that 
sedimentation  rate  has  on  the  preservation  of  accumulating  organic  matter. 

Consequently,  in  slowly  accumulating  pelagic  sediments  with  <  1°,  organic  carbon 
contents  as  in  the  Central  Pacific,  only  about  0.0 1 ",  of  pnmary  produced  organic  carbon 
is  preserved  iTabie  3.  Fig.  5),  a  figure  already  estimated  by  Bruyevich  i  1963).  On  the  other 
hand.  10  to  20°',  of  the  pnmary  produced  organic  carbon  is  preserved  in  sediments 
accumulating  as  rapidly  as  in  the  Peruvian  margin  and  Baltic  Sea  deposits  studied  nere.  In 
regions  with  moderately  rapid  sedimentation  rates  u.e..  a  few  centimeters  to  a  few 
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Sedimentation  Rate.S  [cm'iOCCy)  ] 

“ig.  6.  Illustration  of  the  dependence  of  sedimentary  organic  carbon  contents  an  primary 
production  rates  <R)  and  sedimentation  rates  iSi  at  constant  ary  density  of  soitas  ip,j  and  porosity 
"5)  The  constants  assumed  are  average  values  for  northwest  African  sediments  listed  in  Taole  3  ».t 
a  constant  primary  production  rate  me  organic  caroon  content  approximate^-  aouDles  *itn  eacn 
10-foid  increase  in  me  sedimentation  rate. 


decimeters  each  1000  v  ;  e.g..  off  northwest  Africa,  on  the  Oregon  margin,  and  in  the 
Argentine  Basin)  the  respective  percentages  of  preserved  organic  carbon  range  between  0.1 
and  !%  of  the  amounts  produced. 

The  hnding  that  the  sedimentation  rate  largely  determines  the  fraction  of  primarily 
produced  organic  carbon  that  eventually  becomes  fossilized  in  sediments  also  suggests  mat 
most  of  the  organic  material  escaping  the  photic  zone  is  remineraiized  at  the  sea  oottom 
rather  than  during  settling  through  the  water  column.  Tms  :s  mainly  a  consequence  of  the 
different  residence  times  of  particles  in  the  water  column  and  at  the  sea  bottom.  For 
example,  particle  settling  times  through  a  5000-m  deep  water  column  are  in  the  order  of 
weeks,  months  or  years,  depending  on  particle  size  and  shape  and  also  on  currents  ie.g.. 
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Fig.  "  Measured  organic  carbon  contents  of  surface  sediments  and  values  calculated  Tom 
equation  161,  using  the  data  listed  in  Table  3  The  values  agree  wuhtn  a  factor  of  2.  as  shown  by  the 

sotted  lines. 
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Lehman.  Lai.  and  Dacey,  1975.  McCave,  19“ 5 :  Berger.  I9“6 .  Hon/o.  ;97“.  C alwet. 
1973);  however,  panicles  remain  at  or  close  to  the  sediment- water  interface  for  hundreas  or 
thousands  or  years  depending  on  the  sedimentation  rate,  oioturbatton.  and  resuspension  by 
bottom  currents. 

The  relationships  described  here  are  based  on  sediments  deposited  under  more  or  less 
oxygenated  seawater  (see  also  Dow.  1973).  Only  at  the  Bainc  Sea  and  Peruvian  margin 
stations  can  the  oxygen  of  bottom  waters  be  entirely  depleted,  and  then  only  seasonally 
Sediments  accumulating  under  permanently  anoxic  bottom  waters,  e.g.,  modem  Black  Sea 
sediments,  may  exhibit  similar  relauonships,  but  the  fraction  of  primary  produced  organic 
carbon  that  becomes  fossilized  is  much  higher  than  under  oxic  bottom  water  conditions 
and  may  reflect  an  unknown  fraction  of  terrestrially  derived  organic  matter.  Relevant  data 
and  discussions  on  preservation  of  organic  matter  as  a  function  of  oxygen  content  of  the 
water  column  are  in  Deuser  i  197 1 ).  Degens  i  1974),  Hirst  i  1974),  Ross  and  Degens  i  L9"4) 
and  Demaison  and  Moore  ( 1979).  The  organic  carbon  preserved  in  Black  Sea  sediments  is 
equivalent  to  4  to  6’;j  of  the  primary  production  i  Deuser.  1971 )  and  thus  higher  by  a  factor 
of  5  to  6  than  predicted  from  Fig.  5.  This  may  reflect  a  slower  rate  of  degradation  of  organic 
matter  in  euximc  environments.  However.  Black  Sea  surface  sediments  appear  to  be 
dominated  by  terrigenous  organic  matter,  as  shown  by  Simoneit  (197S)  on  the  basis  of 
solvent-soluble  markers  and  by  Peters.  Sweeney  and  Kaplan  i  1973)  on  the  basis  of  stable 
carbon  and  nitrogen  isotopes.  Hence,  the  deviation  of  the  two  Black  Sea  samples  from  the 
regression  line  in  Figs  4  and  5  may  reflect  a  higher  terrestrial  organic  matter  input  relative 
to  marine  sources  rather  than  slower  degradation. 

estimation  of  PXLEO-PROOUCTIVITY 

The  relationships  described  here  enable  us  to  test  whether  the  cyclic  organic  carbon 
distribution  found  in  sediment  cores  off  Spanish  Sahara  (Hartmann  it  at..  1976)  reflects 
temporal  changes  in  productivity  or  differences  in  degree  of  preservation  as  a  resuit  of 
varying  sedimentation  rates. 

The  following  discussion  concerning  such  a  test  is  based  on  data  from  core  12392- 1  from 
the  continental  rise  off  Spanish  Sahara.  The  organic  carbon  and  nitrogen  distributions  are 
shown  in  Fig.  1(a).  (b),  the  oxygen  isotope  stratigraphy  has  been  studied  m  detail  by 
Shackleton  ( 1977).  the  biostraugraphy  by  Thiede  i  1977).  and  the  accumulation  rates  were 
estimated  by  Suess  it  ai.  ( 1973). 

The  sedimentation  rates  in  core  12392  range  from  3.5  to  23  cm  each  1000  y  and  show  a 
pronounced  maximum  during  oxygen  isotope  stage  2  (Fig.  3a).  In  Fig.  3ib)  the  measured 
organic  carbon  distribution  is  compared  to  that  calculated  from  equation  i6),  assuming 
that  the  primary  production  rate  remained  constant  at  the  present  rate  (75  gC  m*!  y*1, 
Schemainoa,  Nehring  and  Schulz,  1975)  during  the  entire  time  interval  cored  and  using 
the  dry  density  and  porosity  values  determined  by  Suess  et  ai.  ( 1973)  for  each  10-cm  depth 
interval.  The  nearly  perfect  agreement  between  measured  and  calculated  organic  carbon 
contents  in  the  interglacial  stages  i  and  5  suggests  that  productivity  was  similar  during 
these  periods.  This  approach  ignores  a  possible  diagenetic  loss  of  organic  carbon :  however, 
as  explained  by  Hartmann  it  ai.  (1976),  the  major  mineralization  processes  of  sedimentary- 
organic  matter  take  place  at  the  sediment  surface  isee  also  Balzsr.  1973)  whereas  the 
diagenetic  ioss  of  organic  matter  in  northwest  African  sediments  does  not  exceed  2°,  of  the 
amount  still  present. 
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Fig.  $.  Sedimentation  rates  lal.  organic  carbon  distribution  tbi.  end  estimated  paieo-orod uc:ion 
rates  lei  lor  core  12392-1.  The  peneet  agreement  of  calculated  (equation  6l  and  measured  organic 
carbon  contents  in  stages  1  and  5  suggests  that  productivity  was  similar  today  and  during 
interglacial  stages.  Ounng  glacial  stages  2.  3.  and  6.  however,  productivuy  must  nave  seen  higner 
by  a  factor  of  2  to  3  in  order  to  explain  the  higher  organic  carbon  contents  for  the  prevailing 
sedimentation  rates.  Paleoproducttvity  was  estimated  using  equation  (">. 


In  contrast  to  stages  1  and  5,  the  two  organic  carbon  curves  in  Fig.  3(b)  deviate 
considerably  in  stages  2.  3.  and  6.  indicating  that  the  increase  of  sedimentation  rates  during 
glacial  periods  was  far  from  high  enough  to  account  for  the  higher  organic  carbon  contents. 
Consequently,  the  organic  carbon  input  must  have  been  higher  during  glacial  periods. 

Provided  that  our  assumption  of  negligible  terrestrial  organic  matter  input  is  correct 
iDebyser  et  al..  1977).  then  the  paleo-primary  production  rate  can  be  estimated  from 
equation  I"),  which  is  obtained  from  equation  (6)  by  rearranging: 

a  »  C'p i'11-1*”  ,7i 

*  0.0030  S0  30  ' 

Substituting  the  measured  organic  carbon  contents  tC).  sedimentation  rates  (S).  dry 
densities  of  solids  Ip ,)  and  porosities  (<t>)  [for  units  see  equation  (2)],  we  obtain  the  paleo- 
primary  production  rates  (P)  plotted  in  Fig.  8(c).  The  rates  thus  calculated  for  stages  2. 3. 
and  6  are  higher  by  a  factor  of  2  to  3  than  the  present  productivity  at  Sta.  1 2392.  with  most 
values  ranging  between  150  and  250 g  C  m*3  y"\  the  highest  occurring  during  stage  3. 
with  almost  300  g  C  m  * 3  y  * 1 . 


discussion 

The  primary  production  rates  estimated  for  stages  2.  3.  and  6  t Fig.  8c)  are  comparable  to 
the  rates  presently  prevailing  on  the  shelf  at  this  latitude  (Schemainda  <?r  al..  1975 This 
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may  indicate  either  that  upwelling  centers  shifted  offshore  during  periods  of  low  sea  level, 
thus  providing  for  a  higher  organic  matter  input  to  continental  nse  sediments  during  giaciai 
periods,  or  that  coastal  upweiiing  was  generally  higher,  perhaps  as  a  result  of  stronger 
northeast  trade  winds  iSarnthein  and  Walger.  1974:  Sarnthein  and  Diester- Haass. 
1977 ;  Sarnthein,  1978). 

On  the  other  hand,  productivity  in  coastai  regions  may  also  be  increased  by  river-derived 
nutrients.  This  has  been  shown  by  Schemainda  et  al.  ( 1973)  for  the  region  between  10  and 
2f'N  oiT  northwest  Africa  where  the  annual  average  primary  production  rates  on  the  shelf 
remain  relatively  constant  (i.e..  between  180  and  245  gC  m':y'‘)  although  the  annuai 
duration  of  upwelling  decreases  from  12  months  in  the  north  to  only  1  month  in  the  south. 
According  to  the  authors  this  is  due  to  the  nutrients  supplied  by  rivers  south  of  about  17;N 
where  the  present  climate  is  increasingly  more  humid.  Therefore  the  higher  primary 
production  rates  during  glacial  stages  could  also  be  due  to  the  nutrient  supply  by  former 
rivers  if  the  glacial  climate  was  humid. 

The  discussion  on  climatic  changes  during  the  Late  Quaternary  oil  northwest  Africa  is. 
however,  controversial.  For  example,  Diester-Haass  et  al.  11973).  Diester-Haass  (1976). 
and  Chamley  et  al.  (1977)  deduced  a  humid  climate  for  the  last  glacial  period  ("Wurm", 
interrupted  by  a  more  and  phase  dunng  oxygen  isotope  stage  3)  from  their  coarse  gram 
and  ciay  mineral  studies  off  Spanish  Sahara  and  Mauretania.  However.  Sarnthein  i  1978) 
concluded  from  the  distribution  of  active  sand  dunes  18,000  years  ago  chat  the  concept  of  a 
pluvially  glacial  maximum  has  to  be  reversed. 

If  the  view  of  Sarnthein  ( 1973 )  is  correct,  then  we  can  exclude  a  significant  nver  influence 
on  productivity  during  the  glacial  maximum  (stage  2)  at  the-latitude  of  core  12392  and  may 
thus  conclude  that  the  higher  productivity  during  this  penod  was  pnmanlv  caused  by  an 
increased  rate  of  upwelling.  This  conclusion  is  supported  by  the  CLIM  AP  reconstruction  of 
the  glacial  North  Atlantic  13,000  years  ago  (McIntyre.  Kipp.  Be,  Crowley.  Kellogg. 
Gardner.  Prell  and  Rudoiman.  1976).  which  revealed  a  surface  water  temperature 
anomaly  of  63C  off  northwest  Africa,  signaling  an  increased  rate  of  upwelling  at  that  time. 
This  is  also  in  accordance  with  the  conclusions  reached  by  Diester-Haass  et  al.  1 1973). 
Mcller  i  1973a),  Diester-Haass  (1977.  1973)  and  Berger,  Diester-Haass  and  Killincley 
(1978),  although  most  parameters  investigated  in  these  studies  were  nonspecific  for 
upwelling  (Diester-Haass  and  Mcller.  1979).  Presently  the  most  reliable  indicators  of 
upwelling  seem  to  be  cool  water  planktonic  foraminiferal  assemblages  iSeibold.  1978)  and 
an  endemic  diatom  species  reported  by  Schuette  and  Schrader  i  1979). 

In  Wew  of  the  ongoing  discussion  on  climatic  changes  dunng  the  Late  Quaternary  otT 
northwest  Africa  we  leave  the  question  open  whether  the  high  productivities  estimated  for 
stages  3  and  6  reflect  increased  rates  of  upweiiing  or  influence  of  increased  sediment  supply 
by  rivers. 

In  the  sediment  cores  from  the  Argentine  Basin  (Stevenson  and  Cheng.  1972)  and  the 
Indian  continental  margin  (Marchig.  1972),  referred  to  in  the  introduction,  changes  in 
sedimentation  rates  and  organic  carbon  contents  between  glacial  and  interglacial  sections 
are  similar  in  magnitude  to  those  off  Spanish  Sahara  (Mcller.  1975a;  Hartmann  et  al.. 
1976:  Seibold.  Diester-Haass.  Fctterer.  Hartmann,  Kogler.  Lange.  Mcller. 
Pflacmann.  Schrader  and  Scsss,  1976)  suggesting  that  the  phenomenon  of  higher  glacial 
productivity  is  not  restricted  to  northwest  Africa.  This  may  indicate  that  the  fertility  of  the 
oceans  was  generally  higher  during  the  Late  Quaternary  glacial  periods  than  today  and  in 
other  interglacial  times. 
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CONCLUSIONS 

The  above  results  show  that  the  evaluation  of  spatial  and  temporal  fluctuations  of 
sedimentary  organic  matter  may  be  helpful  m  reconstructing  past  changes  or  cycles  in 
oceanic  fertility  The  preservation  effect  by  differing  sedimentation  rates  has  only  to  be 
taken  into  account  if  the  rates  are  large  relative  to  changes  :n  sedimentary  organic  carbon 
contents.  As  a  first  approximation,  one  can  expect  a  doubling  of  sedimentary  organic 
carbon  contents  with  each  10-foid  increase  in  sedimentation  rate,  provided  that  other 
factors  remain  about  constant.  This  means  that  the  sedimentation  rate  has  to  be  considered 
if  organic  carbon  contents  of  sediments  from  such  different  environments  as  the  deep  sea, 
continental  slopes,  or  shallow  seas  such  as  the  Baltic,  where  sedimentation  rates  generally 
differ  by  several  orders  of  magnitude,  art  to  be  compared.  On  the  other  hand, 
sedimentation  rates  within  the  stratigraphic  record  from  one  and  the  same  location  seldom 
differ  by  more  than  one  order  of  magnitude  so  that  organic  carbon  fluctuations  by  more 
than  a  factor  of  2  can  thus  directly  be  interpreted  in  terms  of  paleo-productivuy  provided 
terrestrial  sources  are  insignificant  and  the  physical  properties  similar. 
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Abstract 


Thousands  at’  axoendaale  bathy-c.nemograsns 
; S 3T s  i  are  used  annual  :v  "'or  ocean  rant  tori  ng. 
This  oaoer  orier'ly  tascrioes  tr.e  aaoi ‘cation  of 
a  nicroorocessor-aasad  tomoutar  to  anccce  signals 
alrectly  from  the  v3Ts,  m  a  digital  'ormac  *'or 
dissemination,  ana  to  oreoare  a  oacny-messaqa 
far  radio  transmission 

Reference  is  also  maae  to  tne  ceveiaoment 
activity  ‘‘or  acr.er  sensors  to  Oe  used  as  axoend- 
aola  oraees. 


Introduction 


The  use  af  exoendaole  oroces,  as  temoerature 
arofilars,  in  the  ocssnoqraoni c  research  ana 
ooerationai  data  gathering  community  ’3  .veil 
sstaolisnsd.  Directed  ana  .otunteer  sntoeoard 
tertonnel  oartitioats  in  'sieasinq  tnousanas  of 
arooss  m  anagrams  uitn  a  requirement  to: 

•  provide  a  message  'ormac  'or  1  radio) 
transmission  of  synootio  cathy-memograon 
(X3T)  data  "'or  oceanograonic  forecasting. 

•  orovice  the  'lacional  Ocaanoqrson'c  Data 
Canter  ; :<OCC )  *ith  information  for  .(37 
analog  ana  digital  arocassmq. 

Associates  and  users  of  this  data  are  aartici- 
;ancs  m  a  oroaa  suite  of  notional  researen 
oragrams  and  tne  National  Weather  Ser/ice. 

Tne  res  sage ,  <nown  as  a  oaeny-nessags,  is  most 
commonly  derived  from  encoding  a  stria  enart 
after  tne  exaendaol*  orooe  n«s  teen  seoloyea. 

This  message  format  follows  soecifi cations  of  tne 
World  '•‘etaoro logical  Organization  i’VM))(l).  ana 
it  is  used  internationally  oy  interested  agencies. 
In  comoiiance  <<itn  tnese  soecificaclons,  four 
Oatny-mes sages  are  transmitted  daily  at  s-nour 
inter/ais.  The  orocaaure  to  acquire,  extract, 
and  maintain  the  duality  of  data  from  these  oo- 
servations  is  noted  to  oe  laoor-intensive,  «nicn 
anereoy  limits  the  effectiveness  of  now  ana  *nen 
tne  da  ta  can  oe  aoo  i  i  ed. 

The  orocedure  for  develooing  the  synootic 
bathy-nessage  requires  tne  ooeratar  to  visually 
select  <ey  data  ooints  'rgm  tne  temoerature 
oroflie  on  tne  stria  enart.  The  oatny-ressage 
is  t.nen  sent  oy  C'W  or  telecyoe  rad io-nes sage .  by 


agreement,  to  t.ne  nearest  :nar«-oasao  data 
collecting  receiver  station  for  'etrar.s.iiiss’ :n , 
often  oy  other  -eans ,  to  a  cesigracac  tata  tan.t 
■or  integration  -nco  synootic  vettne*  anc  ocean 


thermos truccurs  maos,  "re  tata  tenter  nay  not  : 
cne  'inai  ceaot. 


Any  of  one  aforementioned  scass  in  :ne  pre¬ 
paration  ano  sell  very  of  data  's  a  ootanttai 
source  of  error.  Jo  to  aq  carcent  of  t.ne  oac.my- 
messages  are  estimates  to  contain  joerator  anc 
oata  transmission  ar-ors  that  -uilify  tna  tata 
value. 


*o  accomolis.n  tata  dissemination 
ay  .<110,  the  original  temoerature  orofi 
charts  sra  sant.  aftar  tr.a  .'esseis  toex 


ser/ice.  or  a  si  mi 
cencer  -'or  arccass 
Charts  to  a  digits 
on  a  manua 
accuracy  i 


ar  conveyance,  to  a 
no.  Jonvarting  t.ne 
-tase  ‘trat  -s  cane 
y  oceretac  aiectromc  oigit 
this  net.nca  *':r  oroauemg  t; 


oeci 
e  st: 
.  oy 
tata 


•eo 
nai : 

i  ton 


•ticeo  oata  is  good:  mwever,  t.ne  oseration 
orocuction-i  imited.  “he  oomoinea  time  of  -.a 
'or  me  .-essei  -ecoros  ana  trocucmg  »  oigit 
oata  set  can  oe  -ee*s. 


Dur  goal  -as  oeen  to  oaveioo  in  i nstru.manta 
systam  *i  t.n  me  ;aoaai''ty  to  automata  seme  of 
me  manual  -outmes  -sac  m  oreaarmg  oac.ny- 
mes sages,  ano  *"ormatting  diqi*al  tata  'or  analy¬ 
sis.  directly  •>oa  the  (3T  sensor  -asoonsa.  “n 
effort  ’S  oeing  tone  m  tooeeracon  mm  •-•seart 
oersortnei  in  t.ne  73<A.’!3?4C  trogrim  a:  iermos 
Institution  of  Dceanograony .  vnere  they  rave  tee 
develooing  a  data  sat  *itn  <3Ts  ceoioyec  *-cm 
25  merchant  veesais  that  snuttla  aeeween  Jaoan 
and  the  west  Doas:  of  the  Unites  States. 


Svstem  Description 

tn  review  tne  procedure  'or  data  rand!  mg 
and  the  ooarationai  -eaui rarer:  'or  the  dissem¬ 
ination  of  digital  data,  an  scoroacr  «as  se'ecta 
to  digitize  tne  amoi’fied  aiectromc  temoerature 
signal  from  me  <ST  orooe.  'his  orocacure  to.m- 
oletely  oyoassas  the  strio-tr.art  -ecoroer  .sa-c 
in  tne  more  common  :3T  >-scoroina  systam.  Ores 
the  decision  *as  mace  to  directly  digitize  me 
temoerature  signal,  -eaui rmrents  'or  digital  ten 
trol  of  tne  oigitizer  and  for  direct  data  pro¬ 
cessing  uas  defined.  A  -umcer  of  small 
mieroorocessor-oased  ccmouters  ..Ds<  -ere 
evaluated  for  this  tasx.  It  -as  cacideo  that 


! 


.Z  technology  vas  ideal  -'or  this  acoli cation. 

Ccrmoccps  Jo"-'C3T  -ms  cr.osen  in  :.me  oasis 
of  cast.  programming  caoaoility,  simoie  elec¬ 
trical  incut  ana  cutout  pussas,  ana  mechanical 
■ntagration  of  the  <ayooerc.  dlsolay,  ana  cas¬ 
sette  taos  reco rear  m  a  single  lousing.  A  con- 
oeotuaiiied  X3T  recording  system  is  snown  in 
figure  i. 

Tie  decision  to  use  a  uC  prav idea  a  numaer 
at*  benefits;  instructions  ana  messages  are  ois- 
alayea,  wnic.n  allows  cettar  intarsetion  oetween 
the  oceratcr  ana  t.ie  incline:  oata  can  :e  on- 
s  an  tea  in  a  /a  piety  of  ways  wnich  includes 
graoning  and  listing;  the  instruction  sat  for 
arithmetic  ooerstions  an  the  data  was  acecuata 
ana  singly  modified  from  tne  Keyaaera  vnen 
necessary. 

incarcerating  these  caoaoi Titles .  tlus  the 
aa sign  for  interfacing  circuits  to  tiractly  sig- 
itioa  the  <3T  sensor  outauc.  resuitaa  in  a 
system  that: 

•  seif-casts  orior  to  each  :'3T  orooe  drao 

•  tatarrines  the  oresanca  of  a  orooe  tanistar 
in  the  iaunener 

•  xeeos  time  ana  late 

•  senses  the  time  -men  the  orooe  enters  the 
we  tar 

•  oatarrines  men  sanoles  are  to  Oe  taken  and 
stores  tne  digital  values 

•  arsons ,  on  tne  CUT  of  so  lay,  the  ,!3T  tem¬ 
perature  profile  for  cast  verification 

•  .-scores  the  data  oigi tally  on  a  taoe  cas¬ 
sette 


•  03  tarn  res  ..nr.  tr.a  tasastta  -us:  :e  : 

•  trsviaas  t.ns  ttmoutar.  t-a  tatao:  ’  •  :y 
tomorassi.-g  t.-.e  tic-rtac  cast  tata  a* 
matting  it  into  t.-.e  :at.*;--*es saga 

•  proviaes  the  :aoaoi’ity  trs.nsrerr- 
racoroea  oigitioaa  cast  cata  -..trough  a 
US-222  tata  :uss  to  another  ttmoutar  » 

Aer'lectao  in  this  :*st  ara  a  nurse-  of  auto 
routines  that  significant:/  -etuta  eta  ta.ru 
laaor  anc  oersonnti  juegrant  -setae  to  ora: 
<ST  lata  for  oissemi nation. 

In  accition  to  the  crscar-g  system  ta 
iiii ties,  toe  simoiioity  of  a-g:-g  m*  cc 
ting  mode  oy  tnanginc  t.-.e  trog-am  '3  a  -a;: 
asset.  Changing  samoie  ,-itas.  *:r  exa-cle. 
oe  a  <eyc aara  entry,  vi-'-erar:  samsi-ng  -a 
at  different  tectns  oan  sasi'y  ca  aotormsca 
Tiis  manes  the  system  ni'gniy  acaotaoie  anc 
ooerator->-esocnsivs  -or  i  . ar-ety  cf  staca 
tasks  in  sedition  to  satisfy -to  ita.-.oaro  :: 
ti  one  1  rscu  i  rarerts . 

■Data  tomoressicr.  -:r  -.ta  :atty--essa:e 
tne  orimary  use  of  :te  ttmoutar  c-ccass-nc 
oil  icy.  ’he  oata  tomoressitn  trocaturs  >as 
original ’y  :ava:o:ao  at  .,nita  ;a-cs  iissi  a 
d-eving  Grounds  .1]  -’or  tomoress't*  of  -sc 
oata.  Tt  involves  -* tt-tg  stra  erg  Times  *. 
data  within  a  saecifiec  toiara-ta.  In  this 
situation,  t.-.a  ioierarca  s  •'ta-atively  a-c ; 
untiT  20  caints  ara  extracta:.  :-tcastitc 
tyoicalTy  -aouires  Is  mirutas  — : ,t  -ay  -a 
uo  ta  30  minutes,  "-.a  -asulcs  :f  -.ta  tat 
oression  rcutite  ara  oisola.ee  :.t  c-e  .Cs  3 
in  tne  oatr.y-nessage  -‘ormat. 

ror  tne  mere  tctcron'y  .sac  :l~ 
systaa  samoiing  >nc  taramatar  steci *•' tot: tr. 


|u  i'» 


•  Samoie  -ace:  2  oer  sac  -  3.2  m-  orogrini 
aajustaoiei 

■  3poo  length:  '2  tec  :.'o0  m) 

•  3aca  wo rd  form  sigiti zer:  12  bits 

•  Tamoerature  -ange:  -5’C  zo  -2C*2 

•  Tsmoeracure  resolution:  <  .35’C 

•  Cassette  capacity:  acorox.  20  droos  on  '50“ 
size  cassacca 

•  3a ca  ccmoression:  150  ooints  do.mar«ssea  to 
20  ooints  .software  seiectaoia!  !n  15 
(batny-nessaga;  minutes  .typical) 

Twenty  <37  digital  recoroi-g  ana  oisolay  sys¬ 
tems  are  currently  committed  tp  acaanograanic 
researan  o  roc  rams  wnere  :nev  are  demonstrating 
the  'lexioility  ana  necessary  time  savings  py 
axaediencly  taxing  <3T  oata  availaole  in  a  *arn 
*'or  easy  analysis  and  sissami nation. 

future  equipment  develoament  afforts  -ill 
ae  divided  oecween  two  goals:  one  goal  to  -educe 
lata  cpmmuni cations  droolams  through  direct 
sauoiea  transmission  of  ppmorassec  data 
aatny-tessage  or  equivalent.  via  2U\  taletyoe 
raato-iies sage.  or.  tost  oreferaoie.  a  sacellita 
tata  communications  l*nx.  Satellite  transmission 
will,  i.n  particular,  :e  a  major  tpncnoution 
toward  t.ne  ’.mprqvemenc  of  oata  -eiiaoility  and 
reduced  ooerator  load.  The  seconc  goal  :s  to 
adact  similar  .C  tac.nnoiagy  to  oner  types  of 
axoenoaole  orooes  tnat  are  rearing  their  oeveloo- 
te.n:  onase  ana  are  now  oectmmg  availaole  to  the 
greeter  oceenograanic  r«s»artn  comwunicy. 

2eveloonert  jvrtivj_vjs  -n  S/cencacie  3 -ices 

The  numser  pf  expendaole  orooes  oemg  used, 
the  /anety.  ana  t.ne  activity  in  evaluating  the 
aool  icaoi  1  i  :y  of  existing  orooes  is  on  t.ne  in¬ 
crease.  As  a  research  tool,  the  (3T  oroce  has 
provided  same  of  the  needed  tost  trade  offs  and 
expedient  underway  oeoioyment  features.  It  is 
.now  estimated  that  55,330  of  these  orooes  are 
used  annually  ay  the  science  coirmunity.  The 
majority  af  these  orooes  are  csaentteo  to  ver¬ 
tical  tsmoeratur?  profiles  in  aie  upaer  a50 
meters  of  :ne  ocean. 

The  incorporation  of  different  parameter 
sensors  and  methods  sf  deoloymenc  to  the  Sasic 
exsenoaOie  body  py  experimental ists  and  manu¬ 
facturers  nas  resultac  in  wicening  its  research 
aool  icaoi  Ilf/,  ixoenaaole  orooes  "ave  Seen  Jev- 
elooed  to  measure  noc  only  temoeracure  out  sound 
velocity  with  temoeriture  (XSVT;*,  seawater  con¬ 
ductivity  with  temperature  (XS72)«,  ana  current 

•  manufactured  :y  Siaoican  Corporation,  farion. 

Mess. 

t  hanufactured  ay  Sruncy  Corporation,  San  3iego. 

Ca. 


velocity  as  a  •'unction  to  orecesig.nec  orcoe-'V 
-ate.  ".id  ot.ner  sensor  parameter  candidates  to r- 
tamoiatad  -pr  excencaoie  or-ces  a-e  'or  'eesur'-g 
snear  ana  oxygen.  In  a  -ecantly  tonoleteo.  out 
uncirculated,  -eoort,  '1.  fiyaxa,  at  ai.,  3i 
detail  the  -esuits  or  an  evaluation  pf  the  sSV* 
ana  <ST3  exoencaple  prooes  *'or  Potanfii  apci-- 
cation  in  studies  wnere  tne  tensity  pf  tee  -acer 
’S  strongly  'nflueneea  pv  the  s-Jl'nity  distr-ou- 
fon.  with  this  caoaoility,  most  see-going 
vessels  couiq  pe  used  to  participate  *n  a  f j 3 1 - 
scale  ocean  survey. 

'lot  all  prooes  need  co  oe  taolayeo  :rom 
snips.  Ceoloyments  *‘pr  -esearth  purposes  iave 
also  seen  mace  'rpm  aircraft,  "or  a  orpcren  -n 
the  north  3acific.  methods  -ere  cevelaeec  "'tr 
calibrating  low  precision  navy  toeraticnal  OaS's 
so  tnat  they  toulo  pe  used  in  an  exoem^nt  that 
-eduireo  more  precise  measurements  a'.,  "he 
prooes  -ere  croooea  •-pm  a  navy  f-3A  aircraft  tc 
measure  thermal  structure  to  a  taoth  pf  3CC 
meters.  A  typical  tries  lime  •«  this  excer-mert 
was  A30  si’omecers.  In  ptr.er  -"stances,  tr¬ 
im  o-cpnftgured  prooes  -ave  :een  successfully 
released  from  -.ei  iepoters . 

In  pne  program,  the  aooiication  pf  exsen- 
daole  prooes  -as  •puna  to  toro lament  an  a  1  ready 
unique  temperature  recording  •  nstrur.ents .  C.-egc 
and  Cox  ,5).  in  ;?7t.  pescr-oeo  a  free-fall 
prooe  tesignec  to  maxe  "ign  -asoluticn  -eas-rs- 
ments  of  vertical  temoen ture  gradients  :n  > 
mi'limeter  scale,  resolution  tf  these  meesure- 
ments  was  ac.nieveo  py  virtue  pf  a  slow,  uni -ore 
descent  rate  '1  m/s)  pf  the  '  nscru.menc,  a 
fast-response  thermistor ,  ana  a  sai f-r-ntai-eo. 
hign-tata  -ate.  *‘m  magnetic  tace  -eepreer.  "he 
extensive  caoaoility  of  the  prooe  is  acxncwi eccac 
by  the  associated  scientific  pacers  -esuific 
from  catd  ootamea  with  it.  5»rsor.nei  •'•on  this 
same  risaircn  Issoratory  -acent  /  evaluatac  an 
X3T  ;T-Ti  modified  to  dreo  at  I..'  m/s  casigrated 
7-11)  instead  pf  55.  m/s.  ana  wmen  was  tousled 
to  a  fast-samol ing-rate  deck  recording  unit  51. 
They  "'cund  this  mod ;  *'  •  ad  prooe  al'cwed  them  to 
maice  rapid  areal  surveys  of  the  •‘•ne  scale  tam- 
oerature  variaoility  without  having  to  jeooarpice 
their  high-precision  prooe  and  surfer  the  time 
penality  of  using  it  as  a  survey  instrument. 

The  verification  tnat  hign  resolution  temoerature 
.measurements  tan  se  made  with  these  orooes 
excos-s  the  ocoorcunity  'or  the’r  inclusion  into, 
pr  the  development  of,  -eseartn  programs 
reouiring  this  class  of  measurement  put  -nic.n 
cannot  afford  the  cast  Purcen  of  the  more  refines 
free-fall  Pijoe. 

field  tests  are  axoectao  to  ce  tamoleted 
this  /ear  pn  another  exsencaola  prooe  *'ar 
measuring  cur-ent  velocity.  “he  measurement 
concept  ''pr  this  trace  is  cased  :n  earner 
resea  ran  and  equipment  teveloerent  reported  ay 
Sanfpra,  at  al.  ,7).  ill  pf  pne  axoencaoia 
prooes.  thus  Mir,  nave  tne  ooav  style,  -i.-s- 
communi cations  l  i.ix  to  the  sur-'ice,  ana  ceoio •/• 
mtnt  fee  cures  of  the  (STs. 


Acxnaw i aca-an  is 

'■'ucn  appreciation  to  2r.  .Var-en  ,.n  :a  * 
fr.  'iie.iael  Sucerex.  ootn  *i:n  SIC.  fpr  z'i: 
'ie!of'ji  suggestions  tur-ng  :.ne  tav? ;  ttsa-t  : 

equipment.  part  of  t.ns  affort  .as 
by  :«s  Office  of  'Java;  Rasearcn  contract  *-* 
•!QCOK-:9-c-oaci. 
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INTRODUCTION  TO  OCEAN  OPTICS 


General  Introduction 

In  tins  introductory  survey  ot'  optical  oceanography  we  rirsi  present  :he  fundamental  nnerent  and  apparent  optical 
properties  ot'  natural  waters.  Relationships  oetween  these  inherent  ana  apparent  optical  properties,  as  related  through  the 
radiative  transfer  equation,  are  then  presented.  Following  the  first  tnree  theoretical  sections  orief  discussions  aescroir.g 
the  application  of  ocean  optics  to  geopnysics.  biological  oceanography,  and  ocean  remote  sensing  are  tnen  presentee 
Authorsmp  for  each  section  is  indicated  by  initials  after  the  section  heading. 


1.  Inherent  Optical  Properties  'J.R.V  Z. ; 


Introduction 

Electromagnetic  radiation  traversing  the  ocean  can  interact  with  the  water  and  tne  materials  dissolved  and  suspended 
in  it.  This  interaction  takes  the  form  of  adsorption,  scattering  and  fluorescence.  Absorption  is  tne  cnange  of  'adiauon  -nto 
other  forms  of  energy.  Scattering  is  the  redirection  of  radiation  py  means  of  refraction,  reflection  and  diffraction. 
Fluorescence  is  tne  absorption  of  radiation  at  one  wavelength  and  emission  at  a  longer  waveiengtn.  The  polarization  ana 
wavelength  of  the  radiation  also  affect  the  aosorption  and  scattering. 

If  the  absorption,  scattering,  and  tluorescent  characteristics  of  tne  medium  are  Known,  the  benavior  of  iigm  n  tne 
medium  can  be  predicted  by  the  means  of  the  equation  of  radiative  transfer  The  aosorption.  scattering  and  tneir  derived 
properties  have  oeen  termed  inherent  optical  properties  by  Pretsenaorfer  as  they  do  not  cteoena  airectiy  on  tne  external 
lighting  conditions  of  the  medium. 

For  monochromatic  unpoianzed  light,  the  parameters  that  need  to  be  known  to  describe  the  benavior  of  ignt  in  any 
medium  are  the  absorption  coefficient,  the  scattering  coefficient,  and  the  volume  scattering  function  These  and  some 
related  functions  are  defined  below  The  definitions  as  well  as  the  notation  are  those  adopted  by  me  International 
Association  of  the  Physical  Sciences  of  the  Ocean.  Jer!ov;.  IvanoffT  and  Preisendorter  nave  excellent  discussions  of  he 
principles  of  optical  oceanograpny  and  should  oe  consulted  for  more  detailed  descriptions. 

Radiant  Flux,  <b:  The  rate  of  transport  of  radiant  energy 

dienergv  transported)  ,  ■ , 

dtume) 

Radiant  Intensity.  I:  Radiated  flux  from  an  element  of  surface  per  unit  solid  angie. 

/  -  J<bl dui  watts  iteradian"-  i--) 

Irracttance.  £.  Total  radiant  power  failing  on  a  detector  of  area  a.A  diviqed  by  the  area 

£  m  dtbtdA.  watts  rn~l  .  1 1 -3 ) 

When  speaking  of  the  irradiance  of  a  beam  it  is  implicitly  assumed  that  the  detector  surface  is  perpendicular  to  the  peam. 
<t.  1.  and  E  all  depend  on  the  spectral  response  of  the  detector,  and  in  what  follows,  unless  otherwise  specified,  t  viil  be 
assumed  that  the  detector  is  equipped  with  a  filter  which  can  accept  only  a  narrow  band  of  wavelengths  between  v  and 
\n-\K.  and  the  associated  dtb's  have  been  divided  by  aa.  For  example  the  spectral  radiant  power  is  d<t>/d\  with  units 
watts  nanometer 

Absorption  Coefficient,  a:  The  fraction  of  the  energy  absorbed  from  a  collimated  beam  per  unit  distance  traversed  n 
the  medium;  see  Fig.  1*1. 


a  -  -d<t>,„,<t>  dx.  m~  .  {  M) 

Total  Scattering  Coefficient,  b:  The  fraction  of  the  energy  scattered  out  of  a  collimated  beam  per  unit  distance 
traversed  by  the  beam;  see  Fig.  i-i. 


b  —  —  dd>  Kaa/  <t>  dx.  m'1  .  '  1  -  5  > 

Attenuation  Coefficient,  c:  The  fraction  of  the  energy  in  a  beam  removed  oy  both  scattering  and  absorption  per  unit 
distance  traversed  by  the  beam. 
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A1SO. 

.•  -  a  —  b  '  i-"> 

^oiume  Scattering  Function,  310  >  The  scattered  radiant  intensity  ,n  a  direction  9  per  unit  scattering  volume  dV 
divided  by  tne  incident  irradiance  E.  see  Fig.  !-l 

3(9)  —  d/(0)/ E  iV.  m~'  steradian *'  .  '1-3) 

The  relationship  between  the  volume  scattering  function  and  the  total  scattering  coefficient  is 


3 


l 


ty »sm 030  . 


1 1-9) 


When  the  medium  is  illuminated  bv  radiation  m  a  broad  spectral  band,  for  example  sunlight,  two  other  inherent 
optical  properties  must  be  considered. 

Yowme  Fluorescence  Function.  3*(0  kg.kft  The  radiant  intensity  emitted  at  a  wavelength  \F  per  unit  volume  in  a 
direction  9  with  respect  to  an  incident  beam  of  irradiance  £ (,\  £)  in  a  narrow  band  of  wavelengths  Aa.£ 


a*(».Ke.KF) 


dV  \  E(k£)dk£ 
*£ 


' !  •  i  0 1 


(3»  is  called  the  transpectral  scattering  function  in  Ref.  3) 

Coefficient  of  Fluorescence.  6*.  The  total  radiant  bower  emitted  at  a  wavelength  per  unit  volume  wim  respect  to  an 
incident  beam  of  irradiance  E(kg)  in  a  narrow  band  of  wavelengths  JU.- 


Af) 


.  kg.  kf)dut 


(1-11) 


Scattering  and  Absorbing  Agents 

The  scattering  and  aosorbing  agents  in  natural  waters  can  be  divided  into  three  categories:  water  itseif.  dissolved 
materials,  and  suspended  materials. 

Water.  Table  l- 1  shows  the  absorption,  scattering  and  attenuation  coefficients  of  pure  water  in  the  visibie  region. 
The  absorption  coefficient  of  pure  water  (a.j  can  be  obtained  by  subtracting  the  scattering  coefficient  id.;  from  the 
attenuation  coefficient  ic«).  It  can  be  seen  that  the  attenuation  due  to  pure  water  is  largely  an  absorption  phenomena.  In 
fact,  the  deep  blue  color  of  the  ocean  is  due  to  the  selective  absorption  of  water,  with  a  minimum  near  975  nm. 

The  scattering  of  pure  water  >s  thought  to  be  the  result  of  scattering  by  fluctuations  in  density  in  small  volume 
elements  of  the  fluid4  If  the  depolarization  of  scattered  light  is  also  taken  into  account  one  obtains  for  pure  water 

2.(0)  -  -£•  (1  m  cos:9>  .  '1-12! 

\  L 

where  G  is  a  constant  which  depends  on  the  thermal  compressibility.  Boltzmann's  constant,  the  refractive  index,  and 
temperature.  6  is  tne  depolarization  constant.  Alternatively,  one  may  write 


3.(9)  -  3.(90®)  d  cos*0 ) 

Imp 


i 1-13) 


Viorel®  has  shown  that  6  «  0.09  for  pure  water  at  975  nm.  The  volume  scattering  function  then  becomes 

3.(0)  -  1  73  lO^U-M). 335  cos:0>  U-U> 
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The  volume  scattering  function  for  pure  water  may  be  calculated  bv  supstitution  mto  Eq.  1 ; -13)  ‘>om  Taoie  !-! 

Dissolved  Materials.  The  dissolved  materials  mat  influence  tne  aosorpuon  anu  scattering  of  igni  are  ;ne  dissoivea  sea 
salts  and  dissolved  humic  acids,  tne  so-called  'yeilow  matter' 

A  viorel"  has  reviewed  the  ooticai  properties  of  pure  water  and  pure  sea  .vater  in  the  ■- isioie  -egion.  tne  sea  sans  ao 
not  appear  to  contribute  to  the  aosorption.  In  the  ultraviolet  region,  strong  aosorption  py  the  various  orts  especially 

oromide  occurs. 

Scattering  by  pure  sea  water  is  about  30°6  higher  than  for  pure  water  Table  1-1  snows  the  scattering  coefficient  ana 
the  volume  scattering  function  at  90°  for  various  wavelengths  for  pure  sea  water.  Equation  ( 1-13)  can  oe  usea  to  calculate 
the  entire  volume  scattering  function. 

Dissolved  humic  acids,  by-products  of  decay  of  organic  matter  ‘usually  terrestrial  out  also  oceanic)  aosoro  sirongly  ai 
the  short  wavelengths  of  light.  The  absorption  increases  nearly  exponentially  wun  decreasing  wavelength  Yellow  matter 
absorption  can  be  ignored  for  \  >  625  nm.  however.  A  discussion  of  the  absorption  of  various  types  of  humic  acias  may 
oe  found  in  Brown’  The  absorption  due  to  yellow  matter  ' <av >  may  oe  found  oy  means  of  the  following  equation' 


I  c-c„i jgo  fiff  i.’*)^j5  in  "  '  i  ■  1 5 1 

wnere  V/  is  a  constant  for  a  gtven  water  mass.  The  equation  assumes  tnat  the  selective  absorption  by  particles  in  tne  red  .s 
proportional  to  the  particle  scattering. 

Suspended  Materials.  Usually  the  change  of  optical  properties  m  natural  waters  relative  io  sure  water  is  due  to  tne 
presence  of  suspended  particulate  matter  ‘SPM)  The  presence  of  5PM  affects  both  the  absorption  and  scattenng 
properties  of  the  water  The  properties  of  5PM  that  affect  the  ootics  are  tne  concentration,  particle  size  distripution,  index 
of  refraction  distribution  and  shape  distribution. 

Particulate  matter  in  tne  ocean  vanes  widely  m  terms  of  concentration,  size  and  composition  Some  approximations 
must  be  made  if  *e  wisn  to  relate  tne  particulate  matter  theoretically  to  the  observed  volume  scattenng  function  Mie1  nas 
developed  a  theory  giving  the  scattenng  and  absorption  characteristics  for  a  spherical  particle  of  uniform  composition,  and 
wun  a  given  index  of  refraction.  It  is  this  theory  that  is  usually  applied  to  oceanic  suspensions.  Typical  oceanic  particulate 
matter  consists  of  live  biologicai  particles,  detritus,  and  matenal  of  terrestrial  ongin.  The  shapes  of  these  particles  are 
usually  not  sphencal  Hodkinson1  has  shown  nowever.  that  non-aosorbing.  non-sohencal  randomly  oriented  oarticies 
produce  the  same  diffraction  patterns  to  first  order  as  sphencal  particles  of  the  same  cross-seciionai  area.  Furthermore, 
ooaque  particles  produce  the  same  diffraction  pattern  as  transparent  ones.  Volume  scattering  functions  measured  n  sea 
water  are  dominant  in  the  near-forward  direction,  in  which  diffraction  predominates. 

Particle  shape  and  index  of  refraction  play  secondary  roles  compared  to  particle  size  in  iignt  scanering  m  the  ocean 
If  tne  particles  are  separated  by  distances  at  least  equal  to  three  times  tneir  radii,  wmch  is  usually  the  case  m  the  oceans, 
one  is  justified  in  summing  their  individual  contributions  to  obtain  me  volume  scattering  function  for  particulate  matter 

If  the  particle  size  distribution  is  .<nown.  and  an  average  index  of  refraction  nas  oeen  determined.  Mie  theory  may  oe 
used  to  obtain  the  volume  scattering  function. 

A  size  distribution  of  particulate  matter.  f<D)dD.  gives  the  number  of  particles  per  unu  volume  oetween 
diameters  0  and  D  —  dD.  The  cumulative  particle  size  distribution  g'D>  is  the  number  of  particles  per  unit  volume  with 
diameters  iarger  than  DgiD)  may  oe  obtained  from  f ( D >  by  integration: 


g(D) 


i 1-16) 


where  g(D>  is  the  distribution  usually  measured  in  experimental  work  Uhe  cumulative  particle  size  distribution) 

For  a  particle  of  diameter  D  and  (complex)  index  of  refraction  relative  to  the  surrounding  medium  m.  Vlte  theory 
predicts  a  scattenng  function  &i9.D.m)  i ster~'  m:V  If  this  scattenng  function  is  .ntegrated  over  ail  angles  the  scattenng 
coefficient  for  the  particle  blD.m)  is  obtained  m  a  similar  manner  as  in  Eq.  '1-9)  When  the  scattenng  coefficient  for  a 
particle  is  divided  by  its  cross-sectional  area  the  effective  area  coefficient  Kva  or  scattenng  efficiency  factor  .s  obtained. 


Kxa  >  D.m) 


ifri  D.m) 
tD1 


i-n 


The  scattenng  efficiency  is  a  function  of  both  size  and  index  of  refraction,  as  can  oe  seen  from  the  diagram  of  Bur'.-1 
in  Fig.  1-2.  Similar  efficiencies  exist  for  absorption.  A'„„.  and  for  attenuation.  Km.  We  now  can  write  equations  relating 
the  observed  optical  quantities  to  the  particle  parameters. 


so 

,V<9>  -  J  !  t  D)i3i9.D.midD 


■  1-13) 
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is  ;he  volume  scattering  function  units  of  ueraman *'  >n"  1  -or  a  collection  of  particles  with  a  size  distriounon  f'D*  oD  arc 
.win  a  -eiative  ndex  of  refraction  m.  To  trns  must  toe  juaea  tne  scattering  function  of  water  3. 'UK  ana  scattering  due  'o 
other  sources  such  as  turouience.  puooies.  etc. 

The  totJi  scattering  coefficient  for  particles  p,.  'S  ootmned  ov  integration  over  the  '.oiume  scattenng  function  jS  n 
Eq.  G-4) 

The  cumulative  particle  size  distribution  in  the  ocean  often  taxes  the  functional  form 


»(0>  -  SD~C 


i.!9i 


1 N  is  the  number  of  particles  per  unit  volume  with  diameters  greater  than  1  cimand  C.  the  siope  of  tne  size  distribution,  is 
a  constant) 

If  we  assume  the  hyperbolic  size  distribution  of  Eq.  '1-19).  the  scattering  of  a  collection  of  particles  may  be  re!ated 
via  Mte  theory  to  the  slope  of  the  size  distribution  and  the  index  of  refraction  i Figs.  1-3  and  1-4)  The  figures  show  tnat 
the  scattenng  for  a  given  volume  of  particulate  matter  may  vary  by  as  much  as  two  orders  of  magnitude  depending  on  the 
slope  and  index  of  refraction.  Figures  1-3  and  1-4  were  prepared  using  the  taoles  of  Moret'v  In  another  paper.  Morei'; 
discusses  m  depth  further  interpretations  of  Mie  theory  calculations. 

The  concentration  of  SPM  can  change  from  a  few  micrograms  per  liter  n  the  clearest  ocean  to  tens  of  milligrams  per 
liter  in  very  turbid  nearshore  waters.  When  the  nature  of  suspended  matter  does  not  change  m  a  given  *egion.  pul  the 
concentration  does,  the  particle  attenuation  in  that  region  will  be  proportional  to  the  total  suspended  mass  TSM)  of 
parttculate  matter.  Figure  1— 5!j  shows  examples  of  this  observation.  The  slope  of  tne  beam  attenuation  vs.  TSM  curve 
depends  on  the  nature  of  the  suspended  matter,  (t  should  also  be  observed  that  the  imear  correlation  is  much  worse  at  tne 
surface  than  at  greater  depth.  This  is  due  to  phytoplankton  patchiness  m  the  surface  zone.  The  nature  of  particulate 
matter  is  therefore  not  as  constant  os  at  greater  depths. 

The  influence  of  the  index  of  refraction  on  particulate  scattenng  can  be  seen  n  Fig.  1-3.  For  a  constant  slope  of  tne 
size  distribution  and  constant  particle  volume,  the  total  scattenng  coefficient  increases  with  increasing  relative  index  of 
refraction.  If  the  index  of  refraction  is  held  constant,  the  ,ower  slopes  tend  to  have  larger  scattering  coefficients  per  unit 
volume  5PM.  but  a  maximum  exists  for  the  higher  indices'. 

The  influence  of  the  index  of  refraction  on  the  shape  of  the  volume  scauering  function  s  snown  m  Fig.  l-r>.  The 
influence  of  slope  is  shown  m  Fig.  1-*  The  curves  are  normalized  so  that  the  area  under  eucn  one  is  the  same,  it  s  seen 
that  lower  slopes  of  the  size  distribution  and  lower  indices  of  refraction  result  in  steeper  scattering  functions  n  tne  'orward 
direction. 

Verification  of  this  aspect  of  Mie  theory  in  nature  is  difficult  as  it  is  impossible  to  control  the  vartapies  one  at  a  time 
Particles,  furthermore,  do  not  have  uniform  indices  of  refraction.  Several  researchers'*  '5 have  aiiempiea  to  determine 
a  single  index  of  refraction  for  a  collection  of  SPM  from  ooserved  optical  proDerties.  Results  tend  to  indicate  indices 
'relative  to  wateri  below  1.05  or  above  1.15.  Zane veid  et  ai.  s.  have  used  a  method  whereby  an  index  of  refraction 
distribution  can  be  calculated.  This  generally  results  in  components  with  indices  above  1.10  and  betow  i .05.  possibly 
corresponding  to  skeletal  and  inorganic  materials  for  the  high  index  and  organic  matter  for  the  iow  index. 

The  influence  of  particle  shape  on  the  volume  scattering  function  is  difficult  to  quantify  While  Mie  theory  holds  for 
spherical  particles,  it  cannot  be  assumed  that  particles  in  the  ocean  are  spherical.  It  has  been  shown  by  Pennaor'"'  that  Mte 
theory  can  be  used  for  irregular  particles  of  relative  mdex  of  refraction  less  tnan  10  f  the  orientation  of  the  particles  s 
random.  Hodkinson50  and  Holland  and  Gagne*1  have  shown  that  the  forward  scattering  of  randomly  oriented  irregular 
particles  is  similar  to  that  of  a  suspension  of  spheres  having  the  same  equivalent  radius.  In  the  backscattenng  region  .he 
influence  of  shape  can  be  large.  Gibbs”  has  recently  demonstrated  this  for  pamcies  of  extreme  shapes.  Since  the 
influence  of  shape  has  not  been  quantified,  fitting  of  observed  scattering  functions  in  the  backward  region 
(90°  <  9  ^  180°)  by  means  of  Mie  theory  is  usually  not  very  successful. 

The  spectral  attenuation  characteristics  of  particulate  matter  are  relatively  ilai.  Based  on  theoretical  argumems. 
Moreli:  suggests  that  this  dependence  should  be  approximately  \*’  Jerlov;:  shows  that  1 c-c.  -  1.3  1  c-c.  ,.<,») 
based  on  many  experimental  observations.  This  relation  is  also  nearly  \*\  Figure  1-3-'*  shows  spectral  beam  attenuation 
measurements  made  in  Monterey  Bay.  The  spectra  are  shown  for  various  particle  concentrations  as  indicated  by  peam 
attenuation  at  650  nm.  The  large  fluctuation  for  small  particle  concentrations  may  be  instrumental  as  two  almost  equal 
numbers  < total  attenuation  and  water  attenuation)  are  subtracted.  The  decreasing  attenuation  with  increasing  wavelengin  s 
clearly  visible,  however. 

The  concentration  of  particulate  matter  has  no  influence  on  the  spectral  aspects  of  particulate  scattering  or 
absorption.  The  index  of  refraction  on  the  other  hand  has  a  major  influence  on  both  the  scattering  and  absorption.  The 
real  part  of  the  index  of  refraction  influences  refraction  and  reflection  at  the  surface  of  the  particle.  The  imaginary  part  of 
the  index  of  refraction  governs  the  absorption  m  the  interior  of  the  particle.  Mueller*5  has  shown  theoretically  that  for 
three  layered  absorbing  spheres  (modeled  to  resemble  phytoplankton)  both  the  absorption  and  non-05  scattering  are 
strongly  wavelength  dependent,  but  m  a  complimentary  fashion  so  that  the  attenuation  ;s  nearly  flat  spectrally  The 
absorption  spectrum  shows  the  chlorophyll  absorption  bands. 

The  percentage  of  absorption  m  particle  attenuation  varies  depending  on  the  nature  of  the  particulate  matter 
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Nevertheless,  Jerlov^3  has  found  a  good  correlation  for  the  reiationsmp  j,  =  0.-»3  ?,  using  a  large  numoer  of  sampies  from 
turbid  to  clear  ocean  waters. 

Variations  In  Hatural  Waters.  The  spatial  distribution  of  optical  properties  in  tne  ocean  s  most  cioseiy  -eiatea  o  me 
concentration  of  suspended  particles.  River  runoff  and  pnytoptankton  growtn  are  sources  of  susoer.ued  matter  near  re 
surface,  whereas  resuspended  sediments  are  a  particle  source  near  tne  ooitom  Figure  1-9-“  shows  tne  n iluence  ?i  a  r:  er 
plume  on  the  horizontal  distribution  of  light  scattering.  A  scattering  maxi, mum  is  seen  to  coincide  *un  a  sannity 
minimum.  Another  scattering  maximum  is  seen  near  shore.  This  maximum  is  due  to  phvtooianxton  growtn  n  tne  near 
shore  zone. 

A  transect  taken  perpendicular  to  tne  Oregon  coast  *  Figure  1— 10);:  shows  some  typical  t'eatures  of  the  spatial 
distribution  of  the  beam  transmission  “  660  nm)  which  is  equal  to  100  =?'  where  c:s  the  oeam  attenuation  coefficient 
There  is  a  near  surface,  near  shore  maximum  due  to  phytoplankton  growth.  A  bottom  nepheioid  layer,  probaoly  generated 
by  bottom  erosion  as  well  as  seaward  transport  of  the  near  shore  plankton  material  exists  over  tne  shelf  bottom  This 
bottom  nepheioid  layer  becomes  an  intermediate  particle  maximum  at  the  shelf-slope  oreax.  as  the  5uspended  matter 
continues  to  be  carried  seaward  rather  than  aownslope.  On  the  slope,  a  weak  particle  maximum  continues  to  exist  near  ne 
bottom,  probably  caused  by  local  erosion. 

The  beam  transmission  m  this  section  is  seen  to  vary  from  less  than  45’h  to  66V  This  corresponds  to  beam 
attenuation  coefficients  of  0.30  to  O.-Um'f  If  we  subtract  for  pure  water  as  indicated  in  Table  !-!  we  get  particulate 
attenuation  coefficients  from  0 .48  to  0. 10. 

By  means  of  Eq.  ( 1-15)  we  can  obtain  av.  If  simultaneous  volume  scattering  functions  were  measured,  it  s  possioie 
to  obtain  b,  by  integration  as  in  Eq.  11-9).  Several  investigators-3 have  cameo  out  such  measurements,  tneir 
results  are  summarized  in  Taole  1-2.  The  table  is  a  reasonable  representation  of  the  range  of  values  for  the  various 
scattering  and  absorption  components  that  can  occur  naturally 

The  shape  and  absolute  values  of  the  volume  scattering  function  vary  a  great  deal  m  the  oceans.  3)9  >  in  tne  ocean  s 
due  to  suspended  panicles  and  water.  As  we  have  already  seen.  ,3'9)  for  water  is  nearly  flat,  whereas  mat  for  particles  s 
peaked  in  the  forward  direction  with  the  slope  of  319)  depending  on  the  slope  of  the  particle  size  attribution  ana  the  nuex 
of  refraction. 

Figure  1-11  shows  several  scattering  functions  measured  by  PetzoidJS  It  ’S  seen  that  me  cleanest  water  has  me 
lowest  slope  for  low  values  of  scattering  angle.  Similar  results  were  obtained  by  Tucker1"  iF;g.  M2)  The  deeper  water  s 
seen  to  be  clearer  ana  the  slope  of  3(9)  is  less  steep.  The  relative  contribution  of  oure  water  is  larger  for  tne  deeper  water, 
lowering  the  slope. 

Temporal  variations  of  optical  properties  in  the  ocean  are  usually  due  to  variations  m  particle  concentration  In  me 
near  surface  zone,  however,  the  nature  of  particles  can  change  rapidly  as  phytoplankton  patches  can  oe  advected  past  a 
given  location.  Near  the  bottom,  erosion  may  cause  a  change  in  size  distribution,  but  in  either  case  most  of  the  change  n 
optical  properties  is  still  due  to  a  concentration  change.  Figure  1-I3is  shows  prohies  of  oeam  transmission  at  oo0  nm 
taken  on  the  Oregon  snetf.  Large  variations  in  the  shape  of  the  orofile  occur  in  a  few  hours.  Suc.n  arge  changes  occur 
only  when  strong  currents  exist.  Changes  due  to  biological  or  chemical  processes  take  days  wnereas  those  due  to  aavection 
of  particulate  matter  occur  on  very  short  time  scales.  Away  from  coasts,  the  water  tends  to  be  relatively  free  of  particuiate 
matter  so  that  changes  over  periods  of  months  are  thougnt  to  be  small.  Long  term  observations  of  optical  parameters  nave 
not  been  made  in  the  deep  ocean,  however. 
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Figure  l'i.  a)  Absorption  and  scattering  coefficients, 
b)  The  volume  scattering  function. 


Figure  1-2.  The  effective  area  coefficient  A'K0  as 
a  function  of  wavelength,  index  of  refraction 
and  panicle  radius.  After  1 10) 
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Figure  1-3.  The  total  scattering  coefficient  per  unit  volume  of  particulate  matter  as  a 
function  of  slope  of  the  particle  size  and  distribution  and  the  index  of  refraction  of  the 
particles. 
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Figure  1-4.  Light  scattering  at  44°  per  unit  volume  of  particulate  matter  as  a  function 
of  slope  of  the  particle  size  distribution  and  the  index  of  refraction  of  tne  particles 


Figure  1-5.  Scatter  plots  and  regression  lines  for  beam  attenuation as  a  function  of 
total  suspended  matter.  After  1 1 3) 
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Figure  1-7.  Normalized  volume  scattering  functions  for  various  particle  size 
distributions  characterized  by  the  Junge  exponent  C  with  a  refractive  mdex  1.075. 
After  (U). 
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Figure  1-9  Horizontal  distributions  of  salinity,  temperature,  density  ■  cr  >  and  light 
scattering  at  45°,  taken  at  the  surface  off  the  Oregon  coast,  during  early  summer, 
indicating  the  influence  of  the  Columbia  River  plume.  After  06) 
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Figure  1-12.  Volume  scattering  coefficient  is  a  function  of  scattering  ingle  and  detsth. 
LSS  REXBLRG.  22-23  August  196'  From  (3"> 
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Figure  1-13.  Profiles  of  light  transmission,  in  percent,  and  temperature,  m  degrees  Celsius,  at  anchor  station  AS. 
Arrows  indicate  the  tops  of  8NL.  and  oroKen  lines  on  the  right  side  of  the  temperature  profiles  indicate  the  mixed  layers. 
Time  of  each  profile  is  indicated  at  the  top  of  the  figure.  From  <  38) 
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2.  Apparent  Optical  Properties  iR.C.S.) 


Introduction.  Pretsendorfer  ;  and  Tyler  and  P’eisendorfer5  have  snown  that  the  optical  properties  of  the  sea  can  oe 
divided  into  two  classes,  tne  inherent  and  the  apparent  optical  properties  of  the  medium.  An  optical  property  is  inherent  a 
us  operational  value  at  a  given  point  in  a  medium  is  invariant  with  changes  of  the  radiance  aistnbution  at  that  point.  An 
apparent  optical  property  is  one  for  which  this  is  not  the  case. 

Apparent  optical  properties  depend  jointly  on  the  inherent  optical  properties  of  ocean  waters  and  the  geometrical 
structure  of  the  radiant  energy  within  these  waters.  In  spue  of  the  added  complexity  caused  by  :neir  functional  dependence 
on  the  geometrical  structure  of  the  iight  field,  the  apparent  optical  properties  are  so  called  because  their  gross  behavior  with 
depth  exhibits  reproducible  regularities  in  a  wide  range  of  natural  water  types;  it  is  possible  to  formulate  exact  mathematical 
interrelationships  that  hold,  for  all  practical  cases,  between  these  apparent  optical  properties  and  the  more  fundamental 
inherent  optical  properties;  and  the  use  of  apparent  optical  properties  permits  practical  solutions  :o  a  wice  range  of  ocean 
optical  problems.  Like  the  inherent  optical  properties,  each  of  the  apparent  optical  properties  is  implicitly  a  function  ot 
wavelength. 

In  this  section  we  first  discuss  the  angular  radiance  distribution  of  the  sun's  radiant  energy  in  natural  waters.  It  is 
from  the  radiance  distribution,  or  the  experimentally  easier-to-measure  uradiances  that  the  apparent  ooticai  properties  of 
natural  waters  can  be  derived.  Two  important  apparent  optical  properties,  reflectance  and  the  diffuse  attenuation 
coefficients,  are  then  denned  and  their  spectral  characteristics  discussed.  Much  of  the  material  in  this  section  is  drawn 
from  Chapter  3  of  tne  Handbook;  of  Underwater  Optical  Measurements  by  Austin.  Petzoid.  Smith  and  Tyler* 

The  symbols  used  m  this  work  are  believed  to  be  those  currently  accepted  by  most  international  standards 
organizations  and  frequently  differ  from  symbols  used  m  earlier  references.  Table  2-1  'from  reference  a)  presents  a 
summary  of  the  terms  used  in  hydrologic  optics  and  their  recommended  symbols  along  with  ;he  classic  synods  used  n 
much  of  the  earlier  work  (especially  Preisendorfer  and  others  at  the  Visibility  Laboratory 

Radiance.  L  ( Z.  9.<b)  [W  ■  rr\~2  ■  ;/•'']  is  the  energy  per  unit  time  and  unit  area  and  solid  angle  incident  at  a  point  at 
depth  Z.  from  the  direction  d.<P>  A  radiance  distribution,  the  totality  of  radiance  values  for  everv  direction  aoout  the 
point,  gives  a  complete  description  of  the  geometrical  structure  of  the  radiant  energy  field.  The  structure  of  radiance 
distribution  in  the  upper  layers  of  the  sea  is  dependent  upon  factors  which  modify  the  solar  radiation  in  the  earth  s 
atmosphere,  conditions  at  the  air-sea  interface,  and  optical  properties  of  tne  sea  water  This  geometrical  structure  of  solar 
radiation  m  the  upper  layers  of  the  sea  has  been  discussed  oy  several  authors*  54 5!.  *no  have  also  presented  reoresentauve 
radiance  data. 

Figure  2-1  'after  Tyier'i  presents  a  chart  illustrating  optical  properties  which  can  be  derived  from  tne  radiance 
distribution. 

trradiance.  Downward  irradiance.  W  m~2].  is  the  fiux  per  unit  area  measured  by  a  horizontally  oriented  cosine 
collector  :a  collector  with  a  cost)  geometrical  sponse)  facing  upward  to  accept  down  welling  fiux.  Upward  irradiance. 
E.,  [  W  •  m'2].  is  measured  oy  a  similar  collector  oriented  to  accept  upweiiing  fiux.  Downward  and  upward  radiance  are 
associated  with  a  specific  depth,  Z.  and  are  defined  m  terms  of  the  radiance  distribution  by  the  following  equations. 


LtZ.t).<a)cosddto  •  2- i  < 

E„{Z)  «  -  f  f  L(Z.  9.  6)costfdw  '2-2) 

S- 0  i 


where  the  solid  angle 


d<u  ”  sm8d9d<b  1 2-3 1 

Downward  irradiance  has  been  one  of  the  most  commonly  measured  quantities  in  optical  oceanograpny  There  are 
several  reasons  for  this:  irradiance  is  a  well-defined  and  standardized  physical  quantity  that  can  oe  quantitatively 
determined;  it  is  a  principal  quantity  used  in  physfeal  theories-5  *  *  concerned  with  the  behavior  of  radiant  energy  n  natural 
waters  thus  allowing  direct  comparison  of  experimental  data  with  physical  theories,  and  u  has  been  among  the  easiest 
radiometric  quantities  to  measure  underwater.  In  addition,  irradiance  serves  is  a  useful  measure  of  the  radiant  energy 
available  for  performing  visual  tasks,  for  underwater  television  or  photography,  or  for  photosynthesis.  Actually,  there  are 
compelling  reasons  for  choosing  scalar  irradiance  for  this  latter  purpose,  as  will  be  discussed  m  the  following  section. 

Scalar  irradiance.  £„!  w  ■  m~2],  (called  energy  fiuence  rate  in  photobiology;;i  is  the  integral  of  a  radiance  distribution 
it  a  point  at  depth  Z  over  all  directions  about  the  point,  i.e.. 
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£,(Z)  -  £  J  UZJ.t>)du>  .  '2-41 

The  scalar  -.radiance.  wnen  -It video  by  the  veiocuy  of  ugnt  n  :ne  medium,  c.  yields  me  'adiam  density .  -.v.  me  total 
amouni  of  radiant  energy  per  unit  volume  of  space  at  the  given  point,  '.e..  the  radiant  energy  aensity  »  -  ci J  -n_i! 

The  scalar  irradiances  due  to  radiances  received  separately  from  the  upper  and  'ewer  Hemispheres  can  oe  written 


Irr  irt"g 

E^iZ)  -  J  j 

'2-5) 

£*tZ)-J  j*  £iZ.f>.6)rfu» 

(2-6) 

£„  ( Z !  ”  £*)(  Z)  —  £„„  ( Z )  . 

1 2-7) 

Several  factors  favor  scalar  irradlance  as  the  parameter  that  serves  as  the  optimum  measure  of  me  radiant  energy 
available  for  aquatic  photoprocesses"'  it  provides  a  measure  of  radiant  energy  incident  upon  a  small  sample  volume 
weighing  all  directions  of  incidence  equally,  it  is  a  scalar  quantity,  not  defined  with  respect  to  some  particular  geometrical 
orientation  <as  are  £,  and  £,,).  thus  it  allows  all  laboratory  and  field  measurements  to  be  directly  compared  on  an  absolute 
basis  without  regard  for  different  lighting  geometries;  and.  like  £*  and  £„.  it  is  a  well-defined  and  standardized  physical 
quantity  that  is  amenable  to  theoretical  description  and  mathematical  manipulation,  ana  possesses  standardized  units. 

Reflectance,  or  the  irradiance  ratio,  is  the  ratio  of  the  upward  to  the  downward  irradiance  at  depth.  Z. 


R(Z) 


£ulZ) 

&IZ) 


'2-8) 


Experimentally  R  is  usually  determined  by  measuring  £„  3nd  £,  directly  although  it  can  aiso  be  determined  from 
L'Z.O.'ii  by  means  of  Eqs.  < 2- 1 )  and  f 2-2)  R  may  be  thought  of  as  the  reflectance  at  a  hypothetical  plane  surface  at 
depth  Z  in  the  medium.  The  irradiance  ratio  depends  upon  and  exmbits  information  aoout  the  scattering  properties  of  the 
entire  medium  above  and  below  the  level  Z. 

Distribution  functions.  £).,  and  D„,  are  denned  as: 


D,(Z) 

D.JZ) 


£*(Z) 

i2-0) 

EjiZ'i 

E»\Z) 

'2-10) 

£„iZ) 

These  distribution  factors  are  a  simple  means  of  characterizing  the  depth  dependence  of  the  shape  of  the  radiance 
distribution,  tn  addition,  they  ptav  an  important  role  in  the  equations  of  applied  radiative  transfer  theory; 

Reflectances,  other  than  for  irradiance,  are  frequently  useful  in  particular  appluations.  For  example,  a  meaningful 
"reflectance''  useful  for  remote  sensing  purposes,  is  the  ratio  of  upward  radiance  (simulating  the  geometric  acceptance  of 
the  remote  collector)  to  downward  irradiance. 


*«<Z) 


L.JZ) 
£„i  Z) 


(2-11) 


This  "remote  sensing  reflectance"  is  related  to  the  irradiance  reflectance  through  a  factor  introduced  by  Austin  1 

R  -  —  -  -  Rk  <?  <M2) 

where  the  "Q  factor'1  would  have  the  value  it  for  a  uniform  upwelling  radiance  distribution.  In  practice  this  factor  is  found 
to  be  a  function  of  wavelength  and  values  between  3  and  12  have  been  reported. 
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Attenuation  Coefficients  for  Irradiance.  K are  defined  as  the  logarithmic  depth  derivatives  of  the  rradiance 
functions.  Thus. 


or  alternatively. 


KAZ) 


£^Z) 


JEaZ) 

jZ 


EAZi) 

EAZO 


expt -A,  iZ.-Zil] 


■2-131 


(2-14) 


where  Kd  has  units  of  reciprocal  length,  and  Z  is  the  depth  at  which  £,  is  measured  <Z  increasing  positively  with  depth; 
In  practice.  K„  is  frequently  determined  from  the  slope  of  a  plot  of  In  £*(  Z)  vs  Z.  Similar  A!- type  functions  can  he  dehned 
for  upward  i  rradiance  and  for  the  scalar  irradiances.  e. 


A„<Z) 


-1 

EaZ) 


JEy(Z) 

dZ 


<2-15) 


In  addition,  a  A-t ype  radiance  attenuation  coefficient  may  be  similarly  definea  as  the  iogaruhmic  depth  derivative  of  the 
radiance,  L(Z.9.<6).  for  a  fixed  direction.  3. a. 

Physically,  the  K  functions  are  the  quantities  that  specify  the  individual  depth  dependence  of  irradiance  functions. 
Historically,  the  K  functions  were  derived  from  the  experimental  fact  that,  m  general,  radiant  energy  decreases 
exponentially  with  depth.  Thus,  given  A'  and  the  radiant  energy  at  any  one  depth,  the  radiant  energy  at  any  other  depth 
can  be  calculated.  In  addition.  K  functions  can  be  used  to  classify  ocean  water  types'5  16 

Representative  Data.  Radiance  distribution  data  are  few5-®-'4-17,  and  to  the  best  of  our  knowledge  no  one  has  obtained 
radiance  data  as  a  function  of  wavelength.  Representative  monochromatic  data  have  been  presented  and  discussea  by 
several  authors4  5  U0-17 

Spectral  irradiance  data  are  more  numerous  and  have  been  obtained  for  a  wide  range  of  ocean  water  types-0 
Crater  Lake  < Fig.  2-2)  and  San  Vicente  Reservoir  (Fig.  2-3)  are  examples  of  two  extreme  optical  water  types  and  span  the 
full  range  of  coior  one  can  normally  expect  in  natural  waters  whose  dissolved  and  suspended  material  is  primarily  of 
btogeneous  origin.  Crater  Lake  waters  1 1 969)  are  among  the  clearest  in  the  world,  and  have  been  referred  to  as  a  natural 
analogue  to  distilled  water7  These  waters,  and  those  of  oligotrophic  open  ocean  areas  such  as  the  Sargasso  Sea.  have 
similar  optical  properties-’ 27  Natural  radiant  energy  penetrates  to  hundreds  of  meters  in  these  clearest  waters  and  the 
wavelength  of  maximum  transmittance  is  in  the  450  to  475  nm  region,  imparting  to  them  a  characteristic  deep  blue 
appearance.  These  clear  waters  are  relatively  barren  and  generally  have  very  low  chlorophyll  concentration  m  the  range  for 
0.01  to  0.05  mg  Chi 

In  contrast.  San  Vicente  waters  contained  a  chlorophyll  concentration  two  to  three  orders  of  magnitude  higher  <  5  to 
10  mg  CM  m~’)  than  that  associated  with  clear  waters.  In  these  highly  productive  waters  the  penetration  of  ecologically 
significant  radiation  is  only  the  order  of  meters,  or  even  centimeters.  Tne  high  concentration  of  pigments  shifts  the 
wavelength  of  maximum  transmittance  from  the  blue  at  least  100  nm  into  the  green  region  of  the  spectrum  'rig.  2-3 > 
Apparent  optical  properties,  which  can  be  derived  from  those  spectral  irradiance  data,  provide  a  quantitative  description  of 
these  qualitative  observations. 

The  diffuse  attenuation  coefficients  for  irradiance,-  AU).  derived  from  the  data  shown  in  Figs.  2-2  and  2-3  using 
Eq.  (2-14),  are  shown  in  Fig.  2-4.  Values  of  the  minimum  irradiance  A  (hence  maximum  transmission),  for  Crater  Lake 
and  San  Vicente  respectively,  are  A(450)  »  0.03m’’  and  A(580)  »  0.47  m-1.  Thus,  at  their  respective  wavelengths  of 
maximum  transmittance.  San  Vicente  waters  attenuate  irradiance  with  an  exponential  about  fifteen  times  larger  than  that 
for  Crater  Lake.  The  respective  maximum  attenuation  lengths  (AT-1)  are  30  to  40  meters  and  2  meters.  Finally,  it  should 
be  noted  that  the  "A  value"  for  San  Vicente,  in  the  region  from  670  to  690  nm  is  being  influenced  by  chlorophvll-a 
fluorescence21 

As  demonstrated  in  Fig.  2-4.  the  shift  in  \m,„  with  increasing  chlorophyll  concentration  is  a  general  feature  of 
biogenous  waters  and  has  been  observed  and  discussed  by  several  authors16-29  -’°  This  shift  is  more  usually  observed  as  a 
shift  in  water  color,  or  spectral  reflectance.  The  irradiance  reflectances,  for  our  two  examples,  derived  from  the  data  shown 
in  Figs.  2-2  and  2-3  using  Eq.  (2-10).  are  shown  in  Fig.  2-5.  These  curves  graphically  demonstrate  both  the  spectral  shift 
(from  blue  to  green)  and  the  magnitude  change  in  R(\)  due  to  the  addition  of  chlorophyll  to  otherwise  clear  ocean  waters, 
ft  is  thts  dramatic  shift  in  ocean  color  due  to  chlorophyll  that  leads  to  the  notion  that  ocean  chlorophyll  might  oe 
measureabie  fcv  remotely  sensing  these  changes  in  spectral  reflectance  (see  sections  5  and  6  below) 

These  two  extreme  examples  of  optical  water  types  demonstrate  the  wide  range  in  optical  properties  that  can  be 
expected  in  natural  waters.  An  important  aspect  of  optical  oceanography  is  an  understanding  of  the  physical  and  biological 
processes  effecting  these  properties  and  their  variability  in  time  and  space.  Conversely,  once  these  optical  properties  are 
measureabie.  or  predictaole  based  on  an  understanding  of  the  processes  influencing  them,  then  a  wide  range  of  practical 
oceanographic  problems  are  amenable  to  solution. 
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TA&LE  2-1. 


QUANTITY  [Units] 


RECGf-MENDED 

SYMBOL 


Irradiance  ratio 


Distribution  factor 


Absorption  coefficient  [m* 1 ] 

Volume  scattering  function  [m'lsr*1] 
(Total  Scattering  coefficient  [m"lj 
(Beam)  Attenuation  coefficient  [m* 1 j 
Forward  scattering  coefficient  [m‘l] 
Backward  scattering  coefficient  [m* 1 ] 


R  '  VEd 


d3gT 

3U  a  r^ 

u 


CLASSIC 

SYMBOL 


Quantity  of  Radiant  Energy 

[J] 

Q 

u 

Radiant  Flux 

[W] 

$ 

p 

Radiant  Intensity 

[W  -ST  '  l] 

I 

J 

Radiance 

[W-m'2-sr " ;] 

L 

N 

Irradiance 

[W  -m'2] 

E 

H 

Radiant  exitance 

[W-m'2] 

M 

W 

Downward  irradiance 

[W-m*2] 

Ed 

H(-) 

Upward  irradiance 

[W-m*2] 

Eu 

H(+) 

Net  irradiance 

[W-m*2] 

r 

H 

Scalar  irradiance 

[W-m'2] 

Eo 

h 

Downward  scalar  irradiance 

[W-m'2] 

Eod 

h(-) 

Upward  scalar  irradiance 

[W-m*2] 

Eou 

h(+) 

Spherical  irradiance 

[W-m*2] 

Es 

R  =  H(+)/H(-) 

D-  -  h-/H- 

D+  *  h+/Hr- 
a 

7(3) 

s 

a 

f 

b 
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a 


/d£x  d£y 
\dx  dy 


dEz 
d  z 


Figure  2-1.  Chart  illustrating  optical  properties  which  can  be  derived  from  the  radiance 
distribution  (after  Tyler).  These  properties  are  defined  and  discussed  m  the  text. 
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1 0  r  — 

4 


3  : 


X  (nm) 


Figure  2-4.  Diffuse  attenuation  coefficient. 
KUil/n'1].  for  Crater  Lake*8 ana  San 
Vicente  water'1’ 


Figure  2-5.  Irradiance  reflectance 
function.  fl'X).  for  Crater  Lake l# 
and  San  Vicente  waters1’. 
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j  Relationship  Between  inherent  and  Apparent  Optical  Properties  iH.R.G  ) 


A.  The  radiative  transfer  equation 

The  inherent  and  apparent  optical  properties  of  the  ocean  are  related  through  the  radiative  transfer  equation  ;  RTE) 
For  an  exhaustive  treatment  of  tms  equation  and  us  application  to  optical  oceanography,  see  Preisendortef  s  Hydrologic 
Optic T  The  RTE  governs  the  propagation  of  radiance  through  an  aosoromg,  scattering,  and  fluorescent  medium  It  can  he 
derived  by  Keeping  track  of  the  gains  and  losses  in  power  as  a  pencil  of  radiance  of  wavelength  a  traveling  ,n  a  direction  f 
traverses  a  slab  of  thickness  dl  at  'oriented  normal  to  ?  The  result  for  unpolartzed  light  is 


~  (7 1 . -v )  -  .g,  -  -|i  -  a-,  , 
dl 

where 

-li  “  —  C<T  A)£(T.|.A) 

accounts  for  the  loss  in  radiance  resulting  from  scattering  and  absorption  from  the  pencil. 


la-1) 


A>£iTf  .AJdfi’ 


accounts  for  the  increase  in  radiance  resulting  from  the  scattering  of  radiance  traveling  m  a  direction  into  the  direction  •. 
and 


h 


yd*lT.  A.  AflZ,  IT  i'.  Af  )dCl'd\£ 


accounts  for  the  increase  in  radiance  produced  by  fluorescence  excited  by  radiance  of  wavelength  Af  traveling  :n  the 
direction 

Given  the  inherent  optical  properties 

c IT. A ) .  ,B(T.|.i'.\i  and  B^iT.i.f  .a.a£i  . 

and  the  value  of  on  the  boundaries  of  the  ocean.  Eq.  f 3- 1 )  can  m  principle  be  solved  for  the  'adiance  L  ~  f.M 

throughout  the  medium  allowing  computation  of  other  apparent  optical  properties.  Some  simplification  can  oe  ntroducea 
in  the  case  of  the  ocean  by  observing  that  the  iength  scale  of  horizontal  variations  in  the  attenuation  coefficient  :s  much 
larger  than  the  attenuation  length  c'1.  Because  of  this  the  ocean  can  be  treated  as  if  it  is  inhomogeneous  only  n  the 
vertical.  Introducing  a  spherical  coordinate  system  with  origin  at  the  sea  surface  and  the  :  coordinate  1  depth  >  increasing  mo 
the  ocean,  the  RTE  becomes 


cost?  ikllilihL  _  -ci;,AiU:‘',aI 
dz 


i  j*  a  I 


where  H  is  the  angle  between  the  direction  f  and  the  positive  raxis.  A  famous  integral2  of  this  equation  can  be  ‘ound  by 
multiplying  it  by  dp.  and  integrating  over  Q.  This  gives 


d£  l a  ) 
dZ 


)£,(:.  a) 


J"  Z.  A ,  A  £)  £„  I  Z.  A  £ 1  d\  £ 
'f 


where  £ir,A>»£„i:.A)— £„i:.a>.  If  there  is  no  fluorescence  generated  at  depth  c.  then 


a  I a  ) 


1  <?£(:.  a; 

£,(.-.Ai  J; 
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This  equation  forms  the  basis  for  the  so-cailed  absorption  meter  described  n  detaii  by  Ho)ersievJ  Ceariy.  the  effects  of 
fluorescence  must  be  accounted  for  m  detail  m  order  to  ase  this  metnoo  for  measuring  aosorpuon.  The  natural 
fluorescence  observed  in  the  ocean  is  due  to  chioropnvil-a  m-vivo  and  pnaeopnvun-a  n-vnro,  wnich  fluoresce  near 
685  nm  and  the  yellow  substances  whicn  fluoresce  <n  tne  blue  and  near  uitra-woiet.  The  effects  of  chloroonvii-j 
fluorescence  on  radiative  transfer  in  the  ocean  nave  been  worked  out*:  however,  the  influence  of  yellow  substance 
fluorescence  has  yet  to  be  studied  in  detail.  Since  fluorescence  is  of  minor  mierest  n  ocean  optics,  nenceforth  u  wiil  oe 
assumed  that  0.  A  second  solution  of  Eq.  (3-2)  whicn  is  of  consideraoie  value  can  be  found  in  tne  case  of  a 
homogeneous  ocean.  PreisendorfeH  and  Hojersiev  and  Zaneveld6  have  shown  mat  as  : — « . 

L(z.\.k)  —  . 


Thus,  at  great  depth,  the  radiance  distribution  is  independent  of  the  radiance  distribution  incident  on  the  sea  surface,  wnich 
implies  that  m  this  limit  both  /(£)  and  /Ok)  are  inherent  optical  properties.  Note  mat  £„,  £„.  £*.  £M.  E.  and  £,  ail 
decay  exponentially  with  the  attenuation  coefficient:  AT  < A > 

Near  the  surface  the  situation  is  far  more  complex;  the  various  radiance  and  irradiance  attenuation  coefficients  are 
not  equal  and  depend  on  depth  The  simplifications  which  arise  in  the  solution  of  the  RTE  in  the  r — «  case  are  absent 
and  so  the  solution  requires  considerably  more  effort.  There  are  several  methods  of  attack  now  known  which  are  capaoie 
of  producing  what  are  called  exact  solutions,  i.e..  they  provide  numerical  results  as  close  to  the  true  solution  as  desirea. 
Among  these  are  the  Method  of  Discrete  Ordinates  .  invariant  imbedding'*  *  and  Monte  Carlo-0" 

All  of  the  above  methods  require  at  least  moderate  sized  computers.  There  are  several  methods  of  finding 
approximate  solutions  to  the  RTE  which  yield  analytical  results.  These  include:  the  single  scattering1-  method,  in  whicn 
photons  are  allowed  to  scatter  only  once  in  the  medium;  the  two  and  four  flow  models1'',  in  which  the  upweiimg  ana 
downwelling  radiance  distributions  are  assumed  to  consist  of  a  totally  diffuse  radiance  distribution  plus  a  delta  function  to 
represent  the  unscattered  solar  beam;  and  tne  quasi-singie  scattering14 15  approximation,  m  which  the  forward  pan  of  me 
volume  scattering  function  is  replaced  by  a  delta  function  at  a— 0  while  the  actual  oacxward  portion  of  tf(a»  is  used.  The 
validity  of  these  approximate  solutions  depends  on  the  ratio  of  the  scattenng  coefficient  to  the  totai  attenuation  coefficient 
(ru,  s  bic )  in  estimating  the  up  and  downwelling  irradiances.  the  single  scattering  model  is  applicable  for  only  very  small 
iu,(<0.05).  while  the  quasi-stngie  scattenng  approximation  is  useful  over  a  mucn  larger  range  .n  <jot<u,<0  ’)  The  -wo 
and  four-flow  approximations,  on  the  other  nand.  provide  the  best  results  when  uj,  s  near  unity  There  are  of  course 
other  exact  and  approximate  methods  of  solving  :he  RTE  over  and  above  tnose  mentioned  here:  however,  they  have  not 
been  extensively  used  in  ocean  optics. 

B.  Semi-empincal  relationships  between  mnerent  and  apparent  optical  properties 

The  most  commonly  measured  apparent  optical  propenies  are  the  up  and  downweilmg  irradiances  and  hence  :ne 
associated  irradiance  attenuation  coefficients  Kd<:)  and  ( c )  and  the  irradiance  ratio  R<;>  it  s  therefore  of  central 
importance  to  be  abie  to  relate  these  quantities  to  the  inherent  optical  propenies.  Since  an  analytic  solution  to  the  RTE 
near  the  surface  is  difficult,  such  a  relationship  must  be  essentially  empirical.  The  most  comprehensive  set  of  relauonsmps 
published  thus  far  are  those  given  in  Gordon,  8rown,  and  Jacobs'1,  as  a  result  of  analysis  of  a  large  numoer  of 
Monte  Carlo  simulations  of  radiative  transfer  in  the  ocean.  Briefly,  in  the  quasi-single  scattering  approximation  applied  to  a 
homogeneous  ocean  illuminated  by  a  beam  of  coiliminated  irradiance  from  the  sup.  Kd  and  R  can  be  approximated  by 

K 

—  cos0s  *■  I—  <u0F  —  a-rbt  . 

c 

R  m  1  _l_  bD 

T  \-w,F  ~  3  a+b»  ■ 

where  9,  is  the  solar  zenith  angle  in  the  water.  This  expression  for  K<  is  of  course  meaningless  when  the  incident  radiance 
distribution  is  diffuse  (e.g..  skylight  and/or  cloud  light)  since  9,'  is  undefined.  The  remedy  for  this  is  to  note  that  in  a 
non-scattering  ocean,  cost).,'  -  1/ Dd  and  Dd  is  well  defined  even  for  diffuse  illumination.  Thus  for  any  radiance 
distribution  incident  on  the  sea  surface  it  is  expected  that  K 4  and  R  can  be  written. 


Kd(:) 

V 

r> 

■  I  <,(:)'(«, F'<" . 

•  3-3) 

V 

/?(.-) 

-  I 

'3-41 

V 

I 

'<,<:)  *'<;>  V 

1 3.51 
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•vnere  V  •  ?»,  ij  — r>„i.  ana  .Tie  suoscnpi  .  "ius  oeen  added  io  0.  to  ncicaie  mat  t  s  me  jowrweiimg  distribution  :unc:,on 
for  a  watty  losorhi.iz  xean.  When  AT,  and  R.  computed  ::om  approximate:;.  0)0  separate  xionte  Cario  simu.auoris  tor 
coiltmtnated  irradiance  from  me  sun  and  a  sky  of  totally  diffuse  irnoiance  ■  are  nt  to  Eq.  '5-3<  and  3-5/  -t  s  ’ouno  :na: 
•-he  coefficients  <,<,;>  can  ye  c.nosen  for  S«3  so  mat  me  mean  error  m  me  equations  s  aooui  3"*-  mom  me  surface  to  an 
optical  depth  <cz/  of  four.  Although  the  computations  have  been  earned  out  omy  for  a  flat  ocean,  me  'esuits  should  oe 
applicable  to  a  rough  ocean  as  well,  since  surface  waves  wnl  only  .nfluence  0JO  i :  i .  wmen  can  oe  computed  once  me  form 
of  the  nedent  radiance  distribution  and  the  surface  roughness  is  specified.  Because  of  the  fact  that  AT, 0., < r) c  depends 
oniv  on  the  mnerent  optical  properties  and  on  constants  which  depend  only  on  depth  iA.tr  )1  't  nas  oeen  termed  a  quasi- 
inherent  optical  property. 

In  contrast  to  this,  when  the  irradiance  ratios  from  the  same  simulations  are  tit  to  Eas  •  3 — i '  and  <}-6i  t  is  found 
that  for  a  given  radiance  distribution,  i.e..  a  collimated  solar  beam  modem  at  an  angle  * ,  <  measured  n  water  i  from  me 
zenith,  or  totally  diffuse  irradiance.  the  coefficients  o, i r )  and  r ,  t;i  for  x»3  can  oe  chosen  so  mat  the  mean  error  :s  about 
2'1'  For  0  ^  9 ,  ^  20  tnese  coefficients  are  essentially  mdependent  of  ■* , .  however,  aoove  20’  A':1  oegins  to  depend 
on  *),'  Even  so.  the  total  variation  never  exceeds  about  15;S  as  me  solar  position  varies  from  zenun  to  horizon. 

Simulations  have  aiso  oeen  carried  out  for  a  vertically  stratified  ocean-’  The  principal  result  of  these  simulations  :s 
the  discovery  that  Eus.  <  3-3 )  and  '  3-5)  remain  valid  even  m  me  presence  of  strong  stratification  as  ,ong  as  F  and  _  are 
evaluated  at  depth  :.e.. 


:<:)  0,/oi:) 


where  the  coefficients  Ac, < r >  are  the  same  as  those  m  Eq.  '3-31  This  indicates  that  and  therefore 

K,<:h  0«t:»  is  a  tocai property  of  the  medium;  that  is.  ns  value  at  a  given  depth  : depends,  for  the  most  oart.  only  on  me 
values  of  the  inherent  optical  properties  at  me  same  depth  ct  This  provides  further  justification  for  :abenng  AT,,  D.„  a 
quasi-mhereru  opncai  prooerty. 

The  irradiance  ratio  R<:>.  however,  does  not  possess  this  useful  property  Clearly,  ai  a  given  deotn  a  because  the 
upweiling  irradiance  was  scattered  from  layers  of  the  medium  at  depths  greater  than  ;  wnr.e  most  y  me  downweilmg 
irradiance  at  :  was  not.  the  irradiance  ratio  must  depend  on  the  inherent  optical  properties  at  depths  greater  man  i. 
Hence  the  irradiance  ratio  >s  a  non-local  property  of  the  medium  in  that  even  though  it  for  the  most  oart.  expressible 
directly  in  terms  in  the  inherent  optical  properties,  it  cannot  be  expressed  in  terms  of  these  properties  ai  a  given  deoih. 

Summarizing.  Eqs.  '3-3)  to  '3-6)  can  be  used  in  the  case  of  a  Homogeneous  ocean  to  accurately  relate  the  apparent 
optical  properties  Kd  and  R  to  the  inherent  optical  properties  a.  ?..  and  tv  In  a  vertically  stratified  ocean.  Eas.  3-3 1  ana 
1 3-4)  remain  valid  if  the  mnerent  optical  properties  in  these  equations  are  evaluated  at  the  depth  at  which  the  apparent 
properties  are  desired  or  measured. 

This  section  will  oe  closed  ov  presenting  two  exampies  of  the  oossibie  use  of  these  relationships  n  estimating  the 
mnerent  ootical  properties  a.  %.  and  t>r  from  measurements  of  AT,  c.  and  R  for  a  Homogeneous  ocean,  jnc 
A.'.,.  ;.  3(45’).  3<90',T  3(135’)  for  a  stratified  ocean . 

In  a  homogeneous  ocean,  once  DJ0  is  computed.  iu.A'S  Y )  can  oe  found  from  AT,,  cDla  and  V  »  %,  <  j  —  Im  from  R. 

Then 

/>„  -  dl-m 
b-cf  ,V-  Y-  XY) 
a^c—b  . 

If  :he  ocean  is  inhomogeneous,  a  fact  that  can  be  easily  ascertained  by  examination  of  K^cDj,  as  a  function  of  depth. 
Eq.  1 3-6 )  cannot  be  used  and  another  technique  must  be  found  to  'epiace  the  information  supplied  ov  mis  equation  One 
possibility  which  has  been  suggested1’  is  to  measure  3(-t3).  3i90i.  and  3'  135)  and  fit  these  to  the  analytic  i'ormuia 

3,,< la)  •  3(90l i  [U-e,-  cosa » <  1  — cosa)l' 


Then  3,„ia)  can  be  used  io  find  b*  through 


* 

f>*  »  2it  J*  3^,ia isiha 
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This  should  provide  .10  estimate  so  ?<,  accurate  to  within  aoout  5  :o  iO"''  Note.  JJ(,  cannot  oe  used  to  hnd  o-  1  Again. 
K.j ■  :D,0  provdes  )  m.a 


-  ?, 


.ind 

j  -  ,--o 

Thus.  '.nese  empirical  relationships  can  oe  used  to  determine  the  scattering  and  absorption  coefficients  witnout  paving 
to  resort  to  the  difficult  small  angle  scattering  measurements  or  the  absorption  meter 
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I:  r'oilow>  from  elementary  -considerations'  :n.u  1  me  nature  >1  me  -r,.i;-e'  toes  ma-’ge.  me  oar  .  e 

attenuation  coefficient.  particie  scattering  coefficient.  or  oarm-ie  ..■'■■jrri  >c.i''ermg  .deficient  •'  mv  angle  mus;  'e 
proportional  to  the  particle  concentration. 

Optical  measurements  are  thus  ideal  tor  'tie  determination  of  parocte  concentrations  n-n;u.  -or  example.  F:g.  1-5  n 
section  I  showed  ;ne  high  correlation  between  'otai  suspenaeo  mass  anu  the  seam  attenuation  coefficient  'A nig  t  wou.j 
oe  possible  in  prmciole  to  determine  the  correction  oetween  c  and  particle  concentration  from  Mie  theory  if  me  partic  e 
cnaracteristics  were  precisely  Known,  tms  ,s  generally  not  possible.  In  vaer  to  calibrate  an  optical!  demos  i  s  tnus 
necessary  to  take  water  samples  ana  measure  tne  particle  wetgni  or  volume  concentration  directly  alter  wnicn  a  correlation 
carve  for  the  optical  and  particle  parameters  can  *e  ontainea.  This  correlation  is  onlv  >,  and  for  the  ;mned  region  m  which 
the  particle  nature  is  not  expected  to  cnange. 

The  link  between  ocean  circulation  and  optical  parameters  via  pamcui.ite  matier  is  often  difficult  as  me  particie 
source  must  oe  identified.  Particles,  furthermore,  are  lonconservative  on  time  scales  :onger  than  5everai  days  Biological 
and  cnemicai  processes  can  generate  and  destroy  particles  as  vvei!  as  modify  existing  sice  jistribunons.  Yencai  settling  jf 
particulate  matter  aiso  affects  tne  distribution  of  SPM  m  tne  ocean.  On  tne  other  hand,  on  times  scaies  short  compared  o 
settling,  biological  and  cnemicai  processes  at  a  given  location,  particles  benave  m  a  conservative  manner  so  mat  they  can  pe 
used  as  tracers  of  currents.  This  fact  has  been  used  to  advantage  in  studies  of  apwetnng"-  *  'see  Fig.  I  - :  0  >  n  which 
transport  routes  can  be  deduced  from  tne  distribution  of  optical  properties,  nave  already  snown  F:g.  i-9i  that  over 
water  could  be  traced  for  300  km.  m  the  ocean  using  lignt  scattering.  Small  particles  n  tne  i  to  3  am  -unge  settle  omv 
aoout  10  m  per  year  and  can  be  used  as  tracers  m  tne  deep  ocean  over  arge  distances-  Forward  scattering  oroliies  iave 
oeen  used  to  study  microstructure  m  '.he  ocean3  Ppk.  ei  at.  have  used  transmission  minima  ut  -00  m  depth  prf  °eru  to 
demonstrate  offshore  transport  over  at  least  1000  km.  This  offshore  transport  of  particulates  .s  of  signiricance  ;o  the 
generation  of  tne  oxygen  minimum  m  the  Eastern  tropical  Pact  lie.  Biscaye  and  Eittreurv*  used  .ignt  scattering 
measurements  to  show  that  large  scattering  and  hence  high  particle  concentrations  correlated  well  witn  me  western 
boundary  undercurrent  in  the  Atlantic.  Optical  measurements  nave  oeen  used  oy  Kuilemperg*  and  Zurteveid  .md  Pak  '  to 
study  diffusion  at  oceanic  fronts.  The  latter  authors  point  out  that  jn  optical  umoiilication  of  tne  oounaary  between  two 
■water  masses  s  often  present  i  Fig.  -M  i .  This  is  a  result  of  me  front  between  two  water  masses  oemg  a  umeue 
environment  m  whicn  phytooiankton  growth  can  oe  more  pronounced  tnan  on  eitnci  side  of  me  front.  As  these  examples 
nave  shown,  optical  properties  can  be  of  considerable  use  m  toe  study  of  ocean  circulation,  par.icti'any  m  those  cases 
where  the  usuai  hydrograohic  parameters  snow  little  variation. 

When  an  ooticai  devise  is  used  in  combination  with  a  current  meter  it  becomes  possible  to  measure  particie  'luxes 
n-iitu.  Bartz,  er  ai.  .have  recently  developed  a  igruwetgnt  beam  transmissometer  *'tn  ‘ow  power  consumption  that  can  oe 
nstalled  mto  me  vane  of  a  current  meter  The  signal  is  -ecorded  on  me  current  meter  recorder  F;gure  a-;  snows  ... 
resuspension  event  recorded  in  this  manner.  Optical  devices  can  thus  oe  used  for  the  study  of  seoimert  'ransport. 
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Figure  i-2.  Transmission  in  a  25  am  pain  and  current  speed  as  measured  t>rf  .ne 
Oregon  coast  in  about  60  m  water  depth  and  i  m  above  the  oottom.  From  ill). 
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the  prouukiiuti  oi  organic  maticr  n  the  ocean  py  phy  mpianision  -s  a  fundamental  process  ic.i  me  oft  earth  ’  ire  :i 
tne  basic  requirements  ;n  understanding  tne  processes  oi’  oceanic  primary.  oroduction  is  .1  knowledge  m  is  'etattun  to 
submarine  rraaiance.  The  penetration  01  radiant  energy  to  oeptns  is  a  function  jf  tne  optical  properties  of  ocean  waters, 
which  are  in  turn  a  Junction  01'  dissolved  ana  suspendea  organic  material.  The  concept  of  bio-opticai  state"  has  been 
introduced  to  represent  a  measure  of  the  total  effect  of  biological  processes  on  the  optical  properties  This  concept  has 
proved  useful  to  the  extern  ihat  diverse  constituents  in  natural  waters  can  be  described  oy  a  few  optical  parameters.  *mch 
represent  a  meaningful  average  status  of  the  biological  material  in  the  ocean  water  at  a  particular  time  and  place.  In  .his 
section  we  will:  describe  the  relation  of  oceanic  primary  production  to  available  pnoiosymnetic  irradiance:  optically  classify 
natural  waters  in  terms  of  dissolved  and  suspended  biogenous  material,  discuss  how  this  classification  is  useful  for  tne 
remote  sensing  01  chlorophyll,  and  desenoe  how  these  bio-opncal  data  can  be  incorporated  into  existing  models  tor  the 
description  of  primary  production. 

Photosvntnetic  Irrauianye.  When  considenng  oceanic  primary  productivity  u  s  important  to  distinguish  between 
available,  useaole  and  stored  radiant  energy  This  has  oe=n  discussed  in  uetail  by  Morer  anu  me  following  s  a  brief 
synopsis  01  his  development.  It  is  preferable,  when  discussing  photoprocesscs.  to  convert  spectral  irradiunce  to  uuantum 
units. 


wnere 


and 


bJI\)ift<./iiaina  i~  •>/"'  nm~'\  -*  —  £,ui|H  •  .1/ >,//r’| 
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c  **  ax  iu3  \tn  ■  ,*’l  . 
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The  instantaneous  pnoiosymneucaily  available  radiation.  PAR;  is  dehned  as  the  amount  of  ,  adiunt  cnetgy  at  each  dcDtn 
within  the  spectral  range  from  350  to  '00  nm:;.  t.e. 


PaR  «  j ’  f-iM  ,/\  <5-:< 

This  definition  includes  all  photons  within  the  spectral  oaod.  independent  01  :heir  possible  useiu.i.ess  -oi  carr> m*  on: 
pho'Osyutnesis.  PAR  is  the  easiest  and  most  routinely  measured  ot  the  energy  cjuammes  we  snail  discuss  Farmer.  t  \- 
is  the  total  diffuse  attenuation  coefficient  tor  tne  downwelling  duantum  irratiiaiice.  men 

PAR<Z)  -  Par  1  O')  c--'"  J 


or 


FMK<Z> 

PARlOTt 


-K‘  Z 


■  '-JO> 


in  order  to  be  used  foi  pnotosynmesis  mese  available  photons  must  first  oe  aOsorhed  b>  aigai  pigments  'lari' 
defined  the  photosyntheticaliy  useaole  < '.e  absorbed)  radiation.  Pi  K.  as  the  fraction  ot  radiant  energy  absOipeu  oy  tne 
algae.  PLR  depends  on  me  pigment  composition  of  the  algal  population  as  «eii  as  on  me  spectral  nadur-vi.  .  . 


PL  R 


*'  *1 
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>P*cirui  absorption  coefficient.  P(.  (I  o  nut  viirectiv  mea>ufeabte.  oia  Can  be  .oinnutcd  using  .he  .move  equation  1  me  n- 
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1. 1 o  absorption  of  iivm$  phytoplankton  is  niioup  < or  -'an  oe  interred) 

Lastly.  mat  portion  ot'  aosoroed  energy  that  ;s  actually  transferred  .no  5 1 urea  chemical  energy  n  me  ’orm  01  organic 
matter  througn  photosynthesis  s  called  the  ohotosyntnetically  stored  radiation.  PSR.  As  discussed  oeiow  PSR  .an  oe 
calculated  from  measurements  01  primary  produciivus 

These  three  duunnues  are  related  py  the  nequanties. 


PAR  >  PLR  >  PSR  1 5-5/ 

in  addition,  these  energy  parameters,  and  their  ratios,  play  a  ;'undamemal  roie  in  the  description  of  marine  photosynthesis 
Primary  production  per  unit  biomass  (expressed  as  the  chiorophyll-o  concentration/.  P3.  is  the  ratio  of  carbon  fixed  to  the 
concentration  of  chlorophyll-a.  Thus  P3  has  the  units  •  mg  C  m~‘  Jav~ '1  'mg  Chi— a  m  and  for  the  following 
discussion  PaR.  PLR  and  PSR  are  considered  10  be  integrated  over  time  to  give  their  respective  daily  energy  rates 

The  photosynthetic  yield  < per  unit  chlorophyll  concentration*.  V.  is  defined  as  the  ratio  of  P3  to  PAR. 

</«*  C  Jav~')  ■  I />it  C!ll—d)~' 

.  *  0-0  I 

5  quanta  -n~'  dav~' 


in  general,  the  photosynthetic  yield  increases  with  increasing  depth  as  the  asaiiaoie  irradiance  decreases.  frtc  solution 
utilization  coefficient,  k,.  characterizes  the  photosyrunetically  stored  radiation  ana  is  defined  as  me  ratio  01  PSR  (per  ami 
chlorophyll  concentration  1  to  PaR. 

.  __  PSR  r  ,  r,  .  -  ,. 

x,  =®  I m  'inf  Chl-a  ml]  1  >-  1 


This  coefficient,  >5  simply  the  photosynthetic  ?ieid.  Y.  after  having  converted  the  production  10  ns  equivalent  m  stored 
energy  - 

The  quantum  yield,  which  is  the  quantity  most  generally  used  by  photobiologists  m  discussing  photosynthesis,  s 
denned  as  the  number  of  molecules  transformed  (that  is  CO;  molecules  consumed  or  0:  moiecules  iiberateu'  per  apsoroed 
light  quanta"  Thus,  in  our  notation,  the  quantum  yield  'per  unu  chlorophyll  concentration 1  <0  is  given  by 

1  "ic  O  ('lie  Chl-a  m~-'-  ^ 

^quanta  absorbed 


Tiie  quantum  yield  is  independent  of  the  optical  properties  of  sea  water  and  reflects  the  state  of  oh> sioicgicai  auuonun  ;-r 
the  aigue- 

Finally,  a  dimensionless  parameter  is  defined  io  express  the  efficiency  of  utilization  of  laqiant  energ;  0; 
phytoplankton.  Actually  iwo  such  dimensionless  ratios  have  been  defined  in  the  literature  anj  ,1  15  important  to  distinguon 
between  them.  Morelv  following  the  suggestion  of  Plait0,  introduces  the  ratio.  to  express  the  ratio  of  energy  chemically 
stored,  to  the  energy  removed  from  the  submarine  irradiance  by  jll  physically  and  chemical  processes  Thus  n  follows  mat 


or  alternatively 


PSR  c 
PAR 
K3 


1 5  - ua 1 


1 5  -  1 


where  C  is  me  chlorophyll-u  concentration.  K‘  is  defined  m  Eq.  1 5-3 >  and  in  Eq.  1  o-'i  The  pure  number  <■  > 

characteristic  of  both  the  water  mass  and  us  algal  content,  and  its  parameters  are  meusureaPie  so  that  it  can  oe  calculated  at 
all  depths. 

A  similar  dimensionless  ratio,  which  has  occurred  frequently  in  mathematical  models  of  primary  product;'.  n>  ’  * 
is  the  ratio  1,.  of  energy  absorbed  by  viable  phytoplankton  to  the  energy  absoroed  not  oniy  oy  water  and  as  non- 
phvtoplankton  components,  but  also  any  pigments  of  dead  and  decaying  algae,  >.<t . 
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Of  alternatively 

PLR  r 

n  ,  rs  ^ 


where  t  is  the  specific  attenuation  coefficient  for  viable  phytoplankton.  It  has  frequently  peen  expedtem  to  assume  .nut  i 
cun  be  approximated  by  the  specific  attenuation  coefficient  of  chlorophyll-iike  pigments1,  an  assumption  mat  neglects  ;ne 
contribution  of  accessory  pigments  to  photosynthesis.  This  expedient  then  allows  e,,  to  be  estimated  from  puonsned  vaiues 
of  vc(A)  for  chlorophyil-like  pigments'1  Even  if  absorption  by  accessory  pigments  are  accounted  for  m  Eq.  5 - i Oa >  e.  ana 
*u  will  differ  according  to  Eqs.  (5-9b)  and  o-lOb)  by  the  distinction  between  the  absorbed  'PLR*  and  actuailv  stored 
'PSR)  energy  terms.  To  date,  this  distinction  has  not  been  explicit  m  most  models  of  primary  production 

Having  described  underwater  radiant  energy  in  terms  of  marine  productivity  we  turn  now  to  discuss  the  influence  of 
biogenous  material  on  the  optical  properties  of  water. 

Bio-opncal  classification.  In  an  attempt  to  bring  about  some  order  in  experimental  spectral  irradiance  daia  Jerlov  ; 
suggested  a  scheme  of  optical  classification  of  ocean  water  that  has  recently  oeen  updated  and  broadened-  More  recently 
Smith  and  Baker1  have  developed  a  bio-opticai  classification  of  natural  waters  m  terms  of  the  dissolved  anu  suspended 
biogenous  material  present.  This  classification  provides  a  good  first  approximation  for  spectrally  characterising  the  010- 
opucul  state  of  ocean  waters  when  dissolved  and  suspended  material  is  primarily  of  biogenous  origin  and  provides  a  point 
of  departure  for  more  detailed  analysis.  In  the  subsequent  discussion  we  follow  the  development  of  Smith  ana  Baxer 

In  this  development  the  concentration  of  chloropnyii-iike  Pigments  is  used  as  a  key  oiologicai  parameter  for 
classifying  ocean  water  types.  By  making  use  of  Beer's  law  and  taking  into  account  non-iinear  biological  effects  * iv.cn 
influence  ocean  optical  properties,  a  general  relationship  between  the  total  diffuse  attenuation  coefficient  for  .rradiance  and 
the  average  cniorophyll-iike  pigment  concentration  has  been  obtained  for  two  regtmes  of  concentration,  viz.. 

Ah  A)  —  A»  i A )  •  A 1 1 A )  C*  Ck  <  1 
Kr'M  ~  KJk>  -  k>U)  CK  «•  A',;' A)  .  G  >  i 

Here.  AVu)  is  tne  total  downward  diffuse  atienuanon  coefficiem  for  irradiance.  A'.  (A  *  is  the  diffuse  attenuation  coefficient 
for  clear  ocean  waters.  k;'A)  is  the  specific  spectrai  attenuation  coefficient  due  to  plankton  pigment,  xi'ai  ,s  the  specific 
attenuation  coefficient  due  to  pianxion  and  covarying  detriiui  material,  and  C\  &  the  average  concentration  of  cmoropryil-q 
plus  phaeophytm  to  a  depth  of  one  diffuse  attenuation  length.  A'f  Thus. 


>  5- ;  1  < 
1 5- 1 2 1 


G  -  f  a  z)ciz  '  5- i i 

A  r  , 

where  C'Z)  is  the  cniorophyil-a  —  phaeopigment  concentration  ot  depth  Z.  The  spectral  parameters  for  Eqs  1 5- i  L  ■  ana 
'5-12)  are  given  in  references  11  and  U  By  using  published  data  for  these  spectrai  parameters,  a  measure  oi  G  s 
sufficient  to  calculate  AHA)  for  the  water  under  consideration.  Further,  since 

f„tZ.Ai  -  frftO.A)  e  ' r "  1  5-Ui 

where  £„(0.  A)  is  the  downwelling  spectral  irradiance  just  beneath  the  ocean  surface,  u  is  then  possiole  to  calculate  spectral 
irradiance  at  any  depth,  using  this  equation,  provided  £rfi0.  A )  is  known. 

As  an  example.  Fig.  5-1.  shows  a  comparison  of  experimentally  measured  'solid  curves*  and  calculated  values 
(dashed  curves)  of  the  diffuse  attenuation  coefficient  for  irradiance.  AHA*,  for  several  ocean  waters  varying  n 
chlorophyll-like  pigment  concentrations.  The  agreement  between  the  calculated  and  experimental  curves  .s  satisfactory  .ma 
indicates  that  Eqs.  (5-11)  and  (5-12).  along  with  the  parameters  published  by  Smith  anu  Baker  ormides  \  -enable 
method  for  estimating  AH*)-  and  hence  the  penetration  of  spectral  irradiance  into  ocean  waters,  from  a  xnowieuge  of  :ne 
chlorophyll-iike  pigment  concentration. 

The  spectral  values  for  AHA)  and  k:(A)  can  be  related  to  A'  and  v  defined  above  by  using  A-w  and  -.w  n 
Eqs.  (5-11).  (5-12)  and  (5-U>  to  obtain  the  downwelling  spectral  irradiance  for  various  deoths  for  tne  desired  vaiue  at  . 
calculating  the  total  quanta  at  each  depth  via  Eq.  f 5- 1 );  plotting  total  quanta  vsdeptn.  with  G  as  a  parameter,  m  aotam  A- 
and  A.  Smith  and  Baker  earned  out  this  procedure  and  found  A  «■  a;  ■  111  i m~  1  -ne  C'ii-j  m"  >■  1  m  agreemem 
with  other  workers15  14  15 

Thus  the  ratio  giving  the  fraction  of  radiant  energy  attenuated  'absorbed*  by  chturoofivil-uxe  jigments  '  ..aoie 
phytoplankton),  can  be  estimated  from  a  knowledge  of  the  chlorophyll  concentration  by  use  of  ;he  aoove  equations  In 
addition,  since  this  model  allows  PLR  to  be  estimated  as  a  function  ot  depth  >n  natural  vaters.  it  also  provides  a  ec.nniuue 
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tor  estimating  the  in-siru  quantum  yield  01'  photosynthesis  via  Eq.  '5-Si  Finally,  this  bio-opticai  classification  provides  an 
analytic  framework  for  me  development  of  algorithms  designed  to  relate  the  uoweilmg  spectral  -adiance  from  me  xean  to 
the  ocean  chioropnyll  concentration. 

Remote  senstm  or  ocean  chlorophyll.  Chioropnyll  s  a  rougn.  aibeit  accepted,  measure  of  phytoplankton  oiomass 
Hence  measurements  of  chlorophyll  as  a  function  of  time  in  an  oceunograpnic  region  can  oe  used  to  estimate  the  primary 
productivity  of  a  region.  Also,  it  is  known  that  chloroonyll  i pnytoplanKton/  is  vanaoie.  or  patchy,  on  a  broad  spectrum  of 
spatial  and  temporal  scales.  This  patchiness  is  so  pervasive  and  general  that  there  ;s  uttle  question  of  its  ecological  ana 
evolutionary  importance14  This  variability  jiso  affects  our  anility  to  detect  significant  spatial  and  temporal  changes  n 
phytoplankton  abundance.  As  a  consequence  it  is  of  great  importance  that  we  understand  the  nature  of  mis  variability,  is 
causes  and  effects. 

It  is  also  becoming  increasingly  clear  that  chlorophyll  variability  includes  length  scales  up  to  hundreds  of  kilometers 
that  seem  to  be  related  to  various  "large  scale"  physical  phenomena  including;  upweilmg.  eddies,  convergences,  snear- 
zones.  currents,  underwater  topography  and  island  effects.  The  spatial  scales  of  me  chioropnvll  variability  associated  -vim 
these  phenomena  make  conventional  shipboard  sampling  techniques  inadequate  and  provides  a  strong  incentive  for 
complementary  satellite  sampling. 

It  rtas  been  demonstrated  that  the  remote  sensing  from  spacecraft  of  the  upweilirc  'em-;  -uuiant  energy  from  'he 
ocean's  surface  makes  it  possible  to  synopiicallv  determine  ocean  chlorophyll  concentrate  equations  >5-i  1 1  ana  5- 

12)  snow  how  the  near  surface  chioropnyll  concentration  is  related  to  zCj-Ui  By  relating  etlectance  of  ocean  waters. 

to  AT r < A )  'or  alternatively  directly  relating  Rt\)  to  the  cnloroonytl  concentration'  can  construct  an  aigorunm 

linking  the  spectral  upwelllng  signal  from  the  ocean  to  the  desired  chlorophyll  concentration. 

There  are  several  theoretical  methods  available  for  relating  Kr  to  the  irradiance  reflectance.  R(ki.  of  ocean 
waiers;:  ::  :j  :i  :s  For  the  sake  of  simple  illustration  we  adopt  the  expression--'. 


3  a  U) 

wnere  the  total  backscattenng  coefficient.  V  and  me  total  absorption  coefficient  have  been  discussed  in  an  earlier  section 
The  spectral  nature  of  the  backscattenng  coefficient  has  been  discussed"  ",  and  measured -6  for  various  cultures  of  .xean 
pnytoplahkton.  Again  lor  simplicity,  we  can  estimate  a<\)  by  means  of  an  approximation  given  ov  Pretsenaorfer-4. 


pi \i 


4 


Kr<k) 


i.'-i  6 1 


More  accurate  approximations  are  aiso  available-’4.  This  example  demonstrates  that  by  means  of  Eqs.  '5-1!'.  !5-l2).  '5- 
15)  and  1 5 - i 6 >  the  ocean  reflectance  icoior)  can  be  related  to  .the  surface  chlorophyll  concentration.  Figure  5-2  and  5-3 
demonstrate  how  the  reflectance,  and  xean  color,  are  effected  by  increasing  concentrations  of  cnloroptv!i.  This  :mk 
demonstrates  the  basis  for  the  remote  sensing  of  chlorophyll  concentration  n  xean  waters  'and  will  be  discussed  m  more 
detail  m  Section  or  Thus  there  e.xisis  the  potential  to  measure  primary  productivity  on  a  regional  basis  and  to  synopucaiiv 
study  chioropnyll  patchiness  and  the  phenomena  giving  rise  to  this  variability 

Primary  production  equations.  Bannister,  m  discussing  primary  production  equations  in  terms  of  cnloropnyii 
concentration,  quantum  yields  and  upper  limits  to  production,  has  shown  that  the  factor  y  C  '  A  -'-'  occurs  n  tne 
production  equations  of  a  number  of  authors4  '  0  This  factor,  defined  above  oy  Eq.  * 5- 10».  is  :he  fr.-tetion  of  totai  energy 
absorbed  by  viable  phytoplankton.  Bannister4  *.  reviewed  these  earlier  equations  and  recast  them  into  more  fundamental 
and  general  forms.  In  particular,  he  showed  that  equation  for  daily  primary  production  can  oe  written 


n  !.?  C  m~-  d~  ] 


'5- I *a) 


or 


-  'V  «,  . 


where  'K?  C  m~:  ■  J~  ]  is  an  unsurpassable  upper  limit  to  productivity  corresponding  to  the  absorption  of  ail  jvaiiaoie 
radiant  by  viable  onvtopiankton.  'V  is  not  a  function  of  chioropnyll  concentration.  but  rainer  only  of  .ncuient  irradiance. 
day  length,  and  photosynthetic  parameters.  Bannister'  discussed  me  dependence  of  V  on  algal  parameters  incident 
irradiance  and  day  length  are  ancillary  information  that  can  be  determined  by.  or  m  conjunction  wim.  satellite  data  Thus, 
to  the  extent  that  the  physiological  parameters  of  phytoplankton  are  measura ole  or  predictable  from  surface  data.  '¥  can  be 
estimated  from  satellite  data'  Further,  these  estimates  can  be  made  over  spatial  and  temporal  scales  that  are.  at  best, 
impractical  to  obtain  from  surface  vessels. 
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Our  understanding  of  the  fundamental  relationships  between  the  environment,  primary  production  .mo  higher 
trophic  levels  is  limited.  This  is  m  no  small  measure  due  to  our  inaoiiity.  jd  to  now.  to  obtain  appropriate  » noonc  data. 
Satellite  data  will  provide  significant  complementary  information  to  '.hat  gathered  at  the  ocean  surface,  that  will  allow  me 
spatiai  and  temporal  variability  mnerem  in  the  biological  data  to  be  more  completely  assessed. 

We  have  shown  how  natural  radiant  energy,  tne  optical  properties  of  ocean  water,  primary  productivity  and  models 
describing  this  productivity  are  interrelated.  Further,  we  have  snown  now  these  production  equations  orovice  a  direct 
theoretical  framework  with  which  to  connect  remotely  sensed  data  on  the  oioiogicai  state  of  ocean  waters  to  tne  gross  ouiiy 
production  in  the  water  column.  Thus  we  have  a  theoretical  frameworK.  and  are  on  tne  threshold  of  obtaining  new 
extensive  experimental  data,  with  which  to  study  plankton  production  in  the  world  s  oceans. 
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Figure  5-3  CIE  chromaiicity  diagram  with  loci  01  spectrally  pure  wavelengths 
represented  by  curve  .abeied  from  450  to  650  nm.  based  on  standard  source  C"  as 
acnromatic  stimulus.  Tnstimulus  values  of  reflectance  for  various  values  oi  CK  are 
plotted  and  labeled.  Munsell  specirications  for  ocean  coior  hue.  as  suggested  by  Austin 
(personal  communication),  aiso  plotted  and  labeled' 
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o.  Remote  Sensing  Applications  'H.R.G.; 


In  this  application,  it  -,s  desired  to  relate  tne  apweilea  spectral  radiance  ieaving  trie  sea  surface  to  tne  concentrations 
oi  the  various  constituents  01  the  medium.  For  an  ooserver  _.ust  above  the  surface  :ookmg  toward  the  water  awav  f'orr.  tne 
direct  sun-glint,  the  observed  radiance  will  be- 


Lw  ™  p  Lhcv  m  L.j  . 
nr 


-6-1) 


where  p  is  the  surface  specular  reflection  coefficient  for  the  directions  involved.  L,n  is  the  radiance  of  that  portion  of  the 
sky  which  is  reflected  from  the  sea  surface,  ns  the  transmittance  of  the  air-sea  interface,  mis  the  refractive  index  of  water, 
and  Lu  is  the  upwelled  radiance  ;usi  beneath  the  sea  surface.  Only  £„  carries  information  about  constituent  concentrations. 
Lu  ‘S  related  to  the  £,lO>  through  Rici  as  denned  in  Eqs.  < 2- 1 1 )  and  <2-12).  Combining  these  two  eauauons.  Lu  can  oe 
written  in  terms  of  RIO").  i.e.. 


U  m  Q  £-j  A'0->  .  '6-2) 

and  if  Q  is  constant,  the  variation  in  L,  with  constituent  concentration  is  totaily  contained  in  R< 0~>.  R  can  easiiy  be 
related  to  the  constituent  concentration  using  Eq.  (3--*)  since  both  a  and  b4  are  additive  over  the  constituent 
concentrations,  that  is. 


a  «  f  Z  a, 
h  -  <&,).  -  Z  1 1>>),  . 


where  a.  and  are  the  absorption  and  backscattenng  coefficients  of  the  nh  consmueni.  C,  If  the  SDecific  absorption 
and  backscattenng  coefficients  are  denned  according  to 


a,  -  a,"  C,  . 

and 

I M,  -  <*>),'  c, . 

then  clearly  /?  < 0~ )  can  be  directly  related  to  C..  Given  the  optical  properties  of  ail  of  the  constituents,  the  influence  of 
variations  in  the  concentration  of  any  one  of  the  constituents,  on  R  <0~ >  can  then  be  estimated.  As  an  example  of  :ms. 
consider  the  addition  of  non-absorbing  suspended  particles  io  optically  pure  water  Then 

Y  m  '  ^  '  ~  1  6) ) 

a*  i-  '6*).  m  i  bn)  *C 


For  smail  C. 


X  -  flC.  [  l*  ~-r  (f>»)  *  X.C  ! 

'  Oi,). 


where  V.  is  the  value  of  Tfor  pure  water.  Note  that  in  this  regime.  X  varies  linearly  with  C.  so  R'0")  will  also  depend 
nearly  linearly  on  C.  For  large  C.  X  becomes  independent  of  C  so  variations  in  mgn  concentrations  of  a  non-absorbing 
suspended  material  will  be  nearly  impossible  to  detect  in  RfO*>. 

A  second  example  is  the  remote  detection  of  chlorophy!I-a.  Clark,  et  at?  first  providea  evidence  that  it  might  be 
possible  to  use  the  color  of  the  ocean,  observed  from  aircraft  or  spacecraft,  to  estimate  the  chlorophyll  concentration  n 
surface  waters.  The  first  thorough  discussion  of  the  problems  associated  with  such  a  venture  was  given  by  Duntlev.  et  at' 
'These  studies  led  to  the  development  of  the  Coastal  Zone  Color  Scanner  which  was  flown  on  Nimbus-2  launched  n 
October  1973.)  Several  authors*  *  have  suggested  relating  the  chlorophyll  concentration  to  ratios  of  radiances  at  different 
wavelengths,  t.e..  color  ratios.  Morel  and  Pneurr  provide  data  suggesting  that 

C  »  (  R<i40nmu  RtjoOnm)  !*J;  .  'o-?> 
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where  C  is  :he  concentration  of  cn!orophyll-u  plus  pnaeopnviin-a.  A  very  simple  mode;  of  this  can  oe  constructeo 
assuming  that  the  phytoplankton  wnicn  contain  the  pigments  either  ■  1  >  ao  not  scatter  at  all.  ,n  wmcn  case  ail  of  tne 
scattering  is  due  to  water,  or  -2)  scatter  mdepenaenm  of  concentration,  and  mucn  more  weakly  tr.an  ’he-,  aosoro  in 
either  case,  using  the  large  a  approximation  to  Eq  'J~ai. 


ft 


-r  by  [  a-oi>) 


it  is  found  that 


ft  (440)  _  a.l560>  -  a*(5&0>C 
ft  (560)  "  J.  (440)  —  a*(440)C 

Inserting  the  values  of  the  absorption  coefficients  and  plotting  on  iOg-iog  paoer  shows  that  for  0.j-$C<10  mg/ m*  this 
equation  can  be  accurately  represented  by 


C  =s  (  ft  1440)/ ft  (560>  i*;-; 

;n  excellent  agreement  with  Eq.  r 6- 3 ) .  This  agreement  is.  of  course,  fortuitous  since  the  scattering  by  pnytopiankton  ana 
their  associated  detritai  material  cannot  be  ignored,  especially  at  high  concentrations.  The  calculation  is  presented  mereiv 
to  indicate  that  a  power  !aw  relationship  oeiween  ratios  of  radiances  or  reflectances  and  C  can  be  explained  on  theoretical 
grounds. 

Although  the  relationship  in  Eq.  o- 3  can  be  said  to  be  reasonably  well  understood,  when  radiance  ratios  ratner  :nan 
reflectance  ratios  are  used.  Gordon  and  Clarkj  found  that 


C  =  [  £.„(440)/L„t550)  ]-iJ 


0-4) 


for  the  Guif  of  Mexico.  California  waters,  and  the  Chesapeake  Say  it  s  not  known  at  present  wneiher  this  difference 
between  radiance  and  reflectance  ratios  is  due  to  differences  in  the  species  distribution,  growth  rates,  or  nutrient  stress*  of 
the  phytoplankton  populations  involved  m  Eqs.  < 6-3 >  and  io-4».  or  variations  in  Qm  Eq.  <6-li  wnicn  are  xnown  to  exist. 

Finally,  it  has  oeen  shown-5  '-1  that  the  depth  to  which  ocean  constituents  can  be  remotely  ser.sea  is  approximates 
1  AT*.  and  hence  depends  on  the  constituents'  concentration  and  optical  properties.  Equation  <j-}>  can  ?e  used  to  estimate 
this  'penetration  depth''  when  the  optical  properties  of  all  of  the  constituents  are  known.  In  the  case  of  cnloroonyl-a 
remote  sensing,  the  K.j  chiorophyll-u  relationship  given  in  Section  5  can  oe  used  to  estimate  the  penetration  depth. 
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